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ABSTRACT

Author: Tang, Jialiang. PhD
Institution: Purdue University
Degree Received: May 2018
Title: Development of High-Capacity Anodes for Advanced Li-/Na- Ion Rechargeable Batteries.
Major Professor: Pol, Vilas G.

Since the introduction of the first commercial lithium ion batteries (LIBs) by Sony in 1991, LIBs
have dominated the rechargeable energy storage market owing to their high energy density, good
cycling stability, and long cycle life. By 2020, the global LIBs market revenue is projected to reach
$76 billion dollars, a five-fold increase from 2013. To better accommodate the rising demand,
research efforts are intensifying to develop next-generation LIB chemistries (i.e., silicon anodes
and sulfur cathodes) that offer much higher energy densities. At the same time, concerns over
lithium shortage have prompted research into sodium ion batteries (SIBs), a potentially cheaper
and more abundant supplementary system to LIBs. My research has been dedicated to solving
challenges presented in these new systems, particularly in regards to the anode materials.
The conventional LIB anode, graphite, has a theoretical specific capacity of 372 mAh/g
based on lithium intercalation reaction. Its practical specific capacity is already reaching this limit,
leaving little room for improvement. Alternative anode materials based on alloying and conversion
mechanisms have the potentials to achieve two- to ten-fold capacity increase. These materials
however are plagued with technical hurdles that limit their immediate commercialization. For
alloying materials such as silicon, volumetric expansion (up to 370%) upon lithiation destabilizes
the solid electrolyte interphase (SEI) and electrode structure, leading to rapid capacity fade. To
that end, I synthesized a carbon/silicon composite anode with built-in porosity in the carbon to
accommodate volume expansion of silicon nanoparticles hence greatly improving the cycling
stability. I also studied Fe2O3-based conversion anode and identified an interesting high-rate
activation process that leads to significant capacity gains (greater than theoretical value). Taking
inspiration from these studies, I designed and synthesized a series of iron oxide-silicon
nanocomposites that yield substantial capacity improvement in comparison to the silicon control
anode. I also carried out detailed characterization and electrochemical evaluation to reveal the
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synergetic interactions between iron oxide and silicon. Key findings from this study could provide
important design guidelines for future development of similar conversion-alloying material (CAM)
anodes.
For the development of SIBs, the lack of suitable anode materials have greatly impeded its
commercialization. The most promising anode material is hard carbon which could be derived
from the pyrolysis of biomasses and petroleum coke. Challenges in production scalability, particle
morphology control, and reduction of early-cycle irreversible capacity losses are frequently
encountered during the early developmental stage. In collaboration with industrial partners, I
evaluated the suitability of using carbon microsheets as a scalable SIB anode. While good cycling
stability is demonstrated over 300 cycles, large early-cycle capacity losses severely limit energy
density and reversible capacity of the cell. This motivated me to develop a pre-sodiation
technology that could potentially be applied to all SIB anodes to reduce early-cycle losses. I
employed pulse ultrasonication technique to synthesize sodium metal powders as the pre-sodiation
agent. Subsequent half- and full-cell study confirms that sodium powders can effectively improve
Coulombic efficiency, reversible capacity, and energy density.

1

1. INTRODUCTION

1.1

Global Demand for Li-ion Based Energy Storage

For the past 20 years, lithium-ion batteries (LIBs) has dominated the rechargeable energy storage
market owing to their high energy density, good cycling stability, and long cycle life. Traditionally,
the primary market for LIBs is in the consumer electronic sector (i.e. smartphones, tablets, laptops,
and cameras), which constitutes the largest share (60.3%) in 2013; but with the soaring demands
in other market sectors (especially in automotive and grid/renewable energy storage), the market
share of consumer electronic sector is expected to diminish significantly (down to 23.9% in 2020)
although its revenue is projected to double (Fig. 1). Overall, the revenue for LIBs is expected to
reach $76 billion US. Dollars by Year 2020, a 5-fold increase from 2013[1].

Figure 1-1. lithium-ion battery market outlook by Frost & Sullivan[1]
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In the automotive sector, the global push to electrify the transportation system is expected
to drive the market growth in electric vehicles (EV), hybrid electric vehicles (HEV), and plug-in
hybrid electric vehicles (PHEV)[2]. Such thrust aims to reduce fossil fuel consumption and
greenhouse gas emissions in light of global warming and its dire consequences. Companies like
Tesla have developed state-of-the-art EVs with driving range of 270 miles on a full charge. While
such an impressive feat is laudable, its range is only about 50%-60% of that of petroleum-powered
vehicles. This significantly shorter driving range has delayed wider public adoption of EVs. To
make matters worse, the high costs of LIB packs used in EVs often translate to hefty price tags,
which limit their early adopters to wealthy households. In order to speed up public adoption of
EVs, advanced LIBs with higher capacities and lower cost must be developed to allow longer
driving range and to attract lower income households.
Moreover, the projected global energy production boom (more than 37% growth by 2040
[3]), especially in the renewable energy sector would rely heavily on large-scale electrochemical
energy storage system (ESS) to enable energy generation/storage in remote areas. The ESS are
also critical to provide peak-time load leveling to make the grid more efficient and effective [2],
[4]. While LIBs outperform other battery systems in terms of excellent power output, high
capacity, stable cycling, and long usage life, implementation of LIBs for large scale ESS is deemed
economically infeasible due to high cost of current LIBs[2], [4]. This again highlights the
importance of developing higher-capacity but lower-cost lithium ion batteries.

1.2

Motivation for Developing Sodium-ion Batteries

As growing numbers of lithium ion batteries are being integrated into our everyday life, many
scientists have expressed concerns over the scarcity of lithium natural resources which could
significantly increase the production cost of LIBs, hence slowing down the electrification
progress.[5] Not surprisingly, scientists have been evaluating other rechargeable systems such as
sodium-ion, potassium-ion, and magnesium-ion to potentially replace or supplement LIBs. Among
these new technologies, sodium offers key advantages of natural abundancy (over 1000 times more
abundant than lithium) and sourcing flexibility (can be mined from earth crust and salt water)
without geopolitical restrains (lithium depositions are only concentrated in few countries). More
importantly, the electrochemistry of sodium ion batteries (SIBs) closely resembles that of LIBs. In
fact, many suitable cathodes (i.e., NaCoO2), anodes (i.e., NaTiO2), and electrolytes (i.e., NaClO4
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and NaPF6) in SIBs were identified by exploring the analog structures of their lithium counterparts.
While the know-hows from decades of lithium-ion batteries research have drastically accelerated
the development of SIBs, many challenges regarding low 1st cycle Coulombic efficiency loss, poor
cycling stability, and insufficiency energy density remain to be tackled before commercialization
of SIBs becomes a reality.

1.3

Dissertation Overview

This thesis is motivated by the need to develop high energy density and low cost Li- and Na- ion
batteries that will enable the widespread electrification of our transportation, communication, and
grid systems. Traditional LIBs based on graphite and lithium metal oxide intercalation chemistry
have played an important role in electrifying our life for the past three decades, but their energy
densities are approaching materials limits. Much of the energy density improvements have been
achieved solely by altering design of battery cells or packs in recent years. Alternative electrode
materials and chemistries must be explored to debottleneck the energy storage limitations of
current LIBs. This dissertation will focus on the synthesis of non-graphite based anode materials
and the relationship between material properties/design and electrochemistry.
In Chapter 2, I present a brief overview of Li-ion batteries fundamentals, followed by the
selection of anode materials, and their promises and issues. Additionally, the challenges presented
in developing sodium ion batteries are briefly summarized.
Chapter 3 presents my work in developing a carbon/silicon composite to improve the
cycling stability of silicon nanoparticles in LIBs. This work focuses on utilizing sustainable
biomass as carbon precursor to create porous carbon matrix to accommodate volume expansion of
silicon upon lithiation. This chapter was previously published as “Fabrication of Carbon/Silicon
Composite as Lithium-ion Anode with Enhanced Cycling Stability,”[6] and is reprinted here with
permission.
Chapter 4 presents my study in uncovering the origin of extra capacity rise in γ-Fe2O3, a
conversion type anode material. Specifically, differential capacity voltage plots over different
cycles are used as a simple tool to identify the origin of such capacity rise. Moreover, a unique
activation process of iron oxide nanoparticles was also reported. This chapter was previously
published as “Pushing the theoretical capacity limits of iron oxide anodes: capacity rise of γ-Fe2O3
nanoparticles in lithium-ion batteries,”[7] and is reprinted here with permission.
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Chapter 5 drew inspiration from work done in Chapters 3 and 4, and presents my study
toward understanding how iron oxide nanoparticle coating on silicon anodes impacts overall
cycling performance of the composite electrodes. A series of Fe3O4-coated Si nano-composite
were prepared and evaluate in LIBs to identify an optimal composition. The findings in this work
highlight the importance in rational design of conversion-alloying composite (CAM) anodes.
Chapter 6 summarizes my work in developing a scalable sodium-ion battery anode
comprised of carbon sheets in collaboration of industrial partners from SureCarbon and Faradion.
This anode material is found to exhibit good capacity retention over 300 cycles in SIB full cells.
This chapter was previously published as “Sodium-Ion Battery Anodes Comprising Carbon Sheets:
Stable Cycling in Half- and Full-Pouch Cell Configuration,”[8] and is reprinted here with
permission
Chapter 7 presents my work in developing metallic sodium powder as electrode additive
to compensate the loss of sodium over cycling and to improve cycling performance of SIBs. This
work was primarily motivated by previous work in Chapter 6 where the poor first cycle Coulombic
efficiency of carbon sheets severely limit its reversible capacity despite of the promising cycling
stability.
Chapter 8 is a discussion in future research directions. In regards to the conversion-alloying
composite anodes reported in Chapter 5, many questions remain unanswered and future in-situ
TEM and FTIR experiments may provide more insights. Additionally, the incorporation of
magnetic components (iron oxide) provides a unique parameter to fine tune electrode
microstructure of the CAM anodes, thus should be explored to evaluate the importance of such
parameter. In regards to the sodium powder work in Chapter 7, a novel protection layer that
stabilize sodium powder in air should be developed for commercial applications, some potential
chemistry are listed for future study.
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2. BACKGROUND OF ALKALI RECHARGEABLE MATERIALS

2.1

Fundamentals of Rechargeable Batteries
Conventional Li-ion batteries

Commercial LIB cells are composed of four major components---cathode, anode, separator, and
electrolyte. A common cathode is a homogenous blend of LiCoO2 (active material), carbon black
(as conductivity enhancer), and polyvinylidene fluoride (PVDF, as binder) casted on an aluminum
foil (as a current collector); while a common anode is a blend of mostly graphite (active material),
carbon black, and PVDF coated on a copper foil. A microporous polymeric membrane (e.g.
Celgard 2500) is usually employed as the separator to provide physical barrier between the
electrodes while allowing Li ions to transfer through the pores. As for the electrolyte, 1M of LiPF6
in 1:1 volume ratio of ethylene carbonate (EC) and dimethyl carbonate (DMC) is commonly used.
As shown in Figure 2-1, during the charge cycle, Li is dissociated from the LiCoO2
structure into Li cations and electrons (Equation 1); the electrons are then transferred to the anode
side via external circuit while Li cations migrate into the electrolyte, through the separator, and
eventually to the anode. At the anode side, Li cations intercalate and diffuse into the graphite
structure to recombine with the electrons (Equation 2). During the discharge cycle, these reactions
are reversed. The overall process is sometimes referred to as “rocking chair” mechanism where
Li is transferred back and forward between electrodes.
𝐿𝑖𝐶𝑜𝑂2 ↔ 𝐿𝑖1−𝑥 𝐶𝑜𝑂2 + 𝑥 𝐿𝑖 + + 𝑥 𝑒 − (𝑥 ≤ 0.5)

(2-1)

𝐿𝑖 + + 𝑒 − + 6𝐶 ↔ 𝐿𝑖𝐶6

(2-2)

When using LiCoO2 as the cathode, cell voltage is often limited to ~4.2V to prevent
extracting too much Li out of the cathode (limiting the extent of deintercalation reaction), which
would lead to detrimental structural changes to the layered oxide, leading to fast capacity
decay[9]. In recent years, several alternatives for LiCoO2 have been developed, including layered
oxides with other transition metals partially or fully replacing Co atoms (e.g. LiNixCoyAlzO2),
spinel compounds (e.g. LiMn2O4, LiNi0.5Mn1.5O4[10]), and olivine compounds (e.g.
LiFePO4[11]). While these cathodes material provide various benefits such as safety, faster
cycling rates, lower cost, or higher operating voltages, their specific capacities are nonetheless
similar to that of LiCoO2 (~140mAh/g). To meet the demand for higher capacity batteries, Li-

6
sulfur cathode systems have received extensive research interests due to their high theoretical
capacity of 1672 mAh/g [12].

Figure 2-1. A schematic representation of the most commonly used Li-ion batteries. Reprinted
from [9] with permission.
2.2

Selection of Anode Materials

Based on their reactive mechanisms, LIB anode materials can be categorized into three main
groups: insertion, alloying, and conversion[13]. As illustrated in Figure 2-2, the degree of material
structural change upon Li intercalation drastically increases in the order of insertion, alloying, and
conversion. The structural change of alloying and conversion materials is rooted in their abilities
to accommodate significant amount of Li ions (hence much larger capacities than insertion
materials). Such structural change along with other issues (see Section 2.2.2 and 2.2.3) have proven
difficult to overcome in commercial cells. It is only recent that Sony and Amprius reported
utilization of Sn/Co and Si nanowires, respectively, in their commercial cells to boost their cell
capacity to 30%-40%.[14] In both cases, the alloying materials are only used as additives in the
graphitic anodes instead of being the main ingredient to minimize the negative side effects of
structural change.
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Figure 2-2. Schematic representation of different reaction mechanisms observed in electrode
materials. Reprinted with permission from [13].

Insertion materials
Traditional LIBs employee lithium metal oxides (layered, spinel, and olivine) as cathodes and
carbonaceous materials as anodes; and both of these electrode materials perform via the insertion
mechanism. As mentioned earlier, graphite is the “standard” anodes used in LIBs due to its high
theoretical capacity of 372 mAh/g and low operating voltage (~0.1V) despite the concern of
potential lithium plating when charging at low temperature[15]. During intercalation, graphite
undergoes first-order phase transition reactions (Equation 3-5) to form LiC72, LiC36, LiC27, LiC12,
and LiC6 [16].
𝐿𝑖𝐶72 + 𝐿𝑖 ↔ 2𝐿𝑖𝐶36

(2-3)

4𝐿𝑖𝐶27 + 5𝐿𝑖 ↔ 9𝐿𝑖𝐶12

(2-4)

𝐿𝑖𝐶12 + 𝐿𝑖 ↔ 2𝐿𝑖𝐶6

(2-5)

As shown in Figure 2-3, the lithiation and delithiation potentials of graphite are limited to 0.3V
(vs. Li ref) with minimal voltage hysteresis. The low potentials allow maximization of operating
voltage window in full cells, enabling high-voltage and high-energy-density full cells. The low
voltage hysteresis (the difference between charge and discharge potentials) also allows graphite to
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operate with high energy efficiency. After over three decades of research, both features of graphite
remain unmatched by alloying and conversion

Figure 2-3. Representative cyclic voltammetry curves for a KS-6 graphite electrode. Reprinted
from [17] with permission.
Additionally, hard carbon derived from various biomass/petroleum precursors have been
reported to deliver large stable capacities that sometime exceed 1000mAh/g[18]–[21]. For instance,
the author prepared a unique hard carbon microstructure from cattail pollens and the material
delivers 382 mAh/g at C/10 rate[19]. Despite of the versatile synthesis methods and large
capacities reported in literature, hard carbon suffers from low volumetric capacity and poor
Coulombic efficiency in comparison to graphite [22]. Moreover, electrolyte decomposition is
always presented as a result of operating the cell outside the stability window of electrolyte
components [9]; many research have focused on controlling the solid/electrolyte interphase (SEI)
growth on the carbon anodes to prolong cycle life and cycling stability[23].
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Alternatively, lithium titanate Li4Ti5O12 (LTO) can be used as insertion anode materials
for LIBs. Due to its high lithiation voltage plateau (~1.55V), electrolyte decomposition (hence SEI)
is no longer presented. However, this advantage is accompanied with the drawback of having
lower cell voltage.
Alloying materials
Chemical reaction between Li and Group 14 or 15 elements (e.g., Silicon, Germanium, Tin, Lead,
Phosphorus, Arsenic, Antimony, and Bismuth) produces electrochemically-active binary
compounds with much higher capacities than the products of intercalation reactions in LIB[24]. In
particular, Si (Li3.7Si, 3600 mAh/g at full lithiation), Sn (Li4.4Sn, 990mAh/g), and their oxides have
received tremendous research interests in LIBs. Due to their ability to accommodate large amount
of Li in their structure, alloying materials experience huge volumetric expansion during charging,
causing detrimental capacity fading due to excessive electrolyte decomposition, SEI layers
destabilization, electrode pulverization, and nanoparticle agglomeration [25], [26]. For instance,
Si nanoparticles (NPs) expand up to 370% of its original volume after forming Li3.75Si. In-situ
TEM study also reveals that Si nanoparticles are prone to cracking or fracturing upon full lithiation
when its particle sizes exceed 150 nm [27].
During initial lithiation, the crystalline silicon becomes amorphous due to the breakage of
Si-Si covalent bonding, and the structure remains amorphous during subsequent cycles. This
crystalline to amorphous phase transition prohibited the attempts to accurately link structural
information to electrochemical analysis for a long time. The pioneer NMR studies by Dr. Claire
Grey and her group have provided significant insight into the dynamic structure change of silicon
upon reacting with lithium[28]–[30]. Figure 2-4 illustrates the dynamic evolution of silicon
structures upon cycling. The common reactions of silicon lithiation and delithiation are listed
below. The formation of crystalline c-Li3.75+d Si is unique to this study, thus Equation 10 and 11
may not be relevant to other silicon systems.
During the initial lithiation,
𝑐 − 𝑆𝑖 → 𝑎 − 𝐿𝑖𝑥 𝑆𝑖

(2-6)

During the subsequently lithiation
𝛼 − 𝑆𝑖 → 𝑎 − 𝐿𝑖2 𝑆𝑖

(2-7)

𝑎 − 𝐿𝑖2 𝑆𝑖 → 𝑎 − 𝐿𝑖3.5 𝑆𝑖

(2-8)
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𝑎 − 𝐿𝑖3.75 𝑆𝑖 → 𝑐 − 𝐿𝑖3.75 𝑆𝑖

(2-9)

𝑐 − 𝐿𝑖3.75 𝑆𝑖 → 𝑐 − 𝐿𝑖3.75+𝑑 𝑆𝑖

(2-10)

During delithiation,
𝑐 − 𝐿𝑖3.75+𝑑 𝑆𝑖 → 𝑐 − 𝐿𝑖3.75 𝑆𝑖 + 𝑐 − 𝐿𝑖3.75−𝑑 𝑆𝑖

(2-11)

𝑎 − 𝐿𝑖3.5 𝑆𝑖 → 𝑎 − 𝐿𝑖2 𝑆𝑖

(2-12)

𝑐 − 𝐿𝑖3.75 𝑆𝑖 → 𝑎 − 𝐿𝑖1.1 𝑆𝑖

(2-13)

𝑎 − 𝐿𝑖2 𝑆𝑖 → 𝑎 − 𝑆𝑖

(2-14)

Figure 2-4. Illustration of silicon lithiation and delithiation mechanism. Reprinted from [28] with
permission.
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Conversion materials
Research in conversion materials is popularized by Prof. Tarascon after his group demonstrated
that nanosized transition metal oxides can react with lithium reversibly to form Li 2O (which was
previously deemed to be irreversible electrochemically) and metal nanoparticles [31] . Since then,
wide arrays of nanosized MxAy (with M = transition metals, A=O, P, S, F, N) have been evaluated
to show high capacities (up to 3 times that of graphite) and rate capability. [13], [31]–[33]. Their
reaction can be expressed as following,
𝑀𝑥 𝐴𝑦 + (𝑏 ∗ 𝑦)𝐿𝑖 → 𝑥 𝑀 + 𝑦 𝐿𝑖𝑏 𝐴

(15)

For instance, the theoretical capacities of Fe2O3 and Fe3O4 by conversion reaction can reach 1008
mAh g-1 for and 900 mAh g-1, respectively. Owing to the diverse synthesis routes to prepare
conversion materials with intriguing morphologies, research publications in conversion materials
have been sustained despite of many inherent drawback of such materials.
Two of the main inherent drawbacks of conversion materials are the large voltage
hysteresis (often >1V) between change and discharge, and high lithiation/delithiation potentials
(~1V for oxides) as illustrated in Figure 2-5. Both features reduce cycling energy efficiency and
energy capacity. The hysteresis has been shown to have strong thermodynamic character, meaning
that material design strategies aimed at reducing diffusion length or improving charge transfer
kinetics will not reduce the hysteresis appropriately.[34] Moreover, the lithiation/delithiation
potentials of the conversion materials have the following order: fluoride > oxide > sulfide > nitride
> phosphide.[35]
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Figure 2-5. Schematic representation and typical potential vs. capacity plot for conversion
reactions. Reprinted from [34] with permission.
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3. FABRICATION OF CARBON/SILICON COMPOSITE AS
LITHIUM-ION ANODE WITH ENHANCED CYCLING STABILITY

This chapter was previously published as “Fabrication of Carbon/Silicon Composite as Lithiumion Anode with Enhanced Cycling Stability,”[6] and is reprinted here with permission from J. Tang,
A. D. Dysart, D. H. Kim, R. Saraswat, G. M. Shaver, and V. G. Pol. Electrochim. Acta, vol. 247,
pp. 626–633, Sep. 2017. Copyright 2017 Elsevier. Where appropriate, text and figures may have
been modified.
3.1

Overview

In this work, a micro-carbon/nano-silicon hybrid material is synthesized via a scalable and
practical solid-state process for rechargeable Li-ion battery anodes. The carbon encapsulated
silicon composite is produced by a two-step thermal reduction of commercial wheat flour. This
silicon-carbon hybrid demonstrates a stable gravimetric capacity of ca. 1500 mAh g-1 Si
(equivalently, 700 mAh g-1 composite mass) from galvanostatic cycling for 90 cycles at a cycling
rate of C/20. Multi-rate cycling shows the silicon-carbon hybrid performs with stable gravimetric
capacities of 830 mAh g-1 at C/10 and 300 mAh g-1 at 1C. After prolonged cycling, the carbonsilicon hybrid further demonstrates superior mechanical and electrochemical resilience when
compared to unencapsulated silicon electrode: greater composite conductivity (ca. 4 times larger
at full lithiation), lower electrode deformation, and less SEI formation.

3.2

Introduction

Silicon has been popularly studied as a next-generation anode material for rechargeable lithiumion batteries (LIBs), particularly for both high-voltage and lithium-sulfur systems [36], [37]. The
performance advantages of silicon include a large theoretical gravimetric capacity of ~3600 mAh
g-1 (based upon complete phase conversion of Si to Li3.75Si) and relatively high anodic lithiation
potential of ca. 0.2 V (vs. Li/Li+). In addition, the low toxicity and natural abundance of silicon
and its precursors provide an additional incentive for rechargeable energy storage applications.
However, the technical challenges of practical silicon anodes include: (1) electrode pulverization
due to large particulate volume changes (up to 300 %-vol.) during cycling, resulting in the loss of
electric contact among current collector, binder, or carbon additives; and (2) short cycle life and
stability due to excessive and unstable growth of the solid electrolyte interphase (SEI) [26].
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To address the inherent lithium-induced stresses during silicon lithiation and delithiation,
much research effort has focused on developing novel silicon based nanostructures such as
nanoparticles[38]–[40], nanowires[41]–[44], nanotubes[45]–[47], and nanosheets[48]. Compared
to the bulk silicon particle, these nanostructures exhibit improved surface-to-volume ratios that
permit greater mechanical resistance to excessive volume changes during cycling. However, while
these materials also demonstrate greater reversible gravimetric capacity across various cycling
rates, the greater specific surface areas enhance the growth of SEI. Subsequent studies of these
nanostructures involve incorporation of silicon into a secondary matrix (e.g. Al2O3[43],
polypyrrole-Fe complexes[49], lithium silicate/lithium titanate coatings[50], and carbon[14],
[51]–[62]) to reduce effective surface area, increase electronic conductivity, and/or improve
mechanical resilience[63].
Among these composite materials, those utilizing carbon have been extensively studied
due to a variety of benefits including: excellent conductivity, high mechanical strength, lithiation
ability, facile preparation, and low production cost. Liu et al. demonstrated a sandwich-structured
C@Si@C nanotube array that delivers 1235 mAh g-1 of Si at a 2C cycling rate with coulombic
efficiency > 98%[64]. In 2016, Yang et al. prepared a dual yolk-shell structure of carbon and silicacoated silicon nanoparticles that delivers a stable capacity of 956 mAhg-1 after 430 cycles with 83%
capacity retention[55]. Lin et al. synthesized nanostructured Silicon secondary clusters (nano-Si
SC) via mechanical pressing/ ballmilling/coating with a resorcinol-formaldehyde-derived carbon;
the prepared nano-Si SC anode delivered average specific capacity of 1250 mAh g-1 at 1C for 1400
cycles with 95% capacity retention[61]. While these materials exhibit interesting nanostructures
and promising electrochemistry, the synthesis methods are often complicated, unscalable, toxic,
and expensive. More recent research efforts have pursued greener, lower-cost synthesis routes that
utilize pitch[14], [52], sugar[53], [65], [66], citric acid[52], [56], various biomasses[67]–[70], and
industrial waste[71] as sustainable carbon precursors.
This work reports the preparation of micron-regime silicon-carbon composites via a practical,
facile encapsulation of premade Si nanoparticles (Si-NPs) using commercial white wheat flour as
the carbon precursor. The choice of wheat flour is primarily motivated by its wide availability and
low cost; while the composite size is kept in the micron domain for practical applications. In the
present study, this silicon-carbon composite has demonstrated good cycling stability without
significant degradation during prolonged cycling.
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3.3

Experimental Sections
Synthesis of Si-carbon composite

Sub-100 nm Silicon nanoparticles (Si-NPs, Sigma Aldrich) and commercial white wheat flour
(Ashirwad) were utilized as received without further purification. In a typical procedure, 450 mg
of Si-NPs were ball-milled with 1200 mg of wheat flour for 30 mins. The milled composite was
then transferred into a high temperature tube furnace and heated under inert atmosphere (99.997%
Argon, Indiana Oxygen Co.) to 500 oC at a rate of 1 oC/ min and dwell time of 30 minutes. The
combined milling and heating process produces a Si-carbon composite with ca. 56 %-wt. Si-NPs.
Using a mortar and pestle, the obtained Si-carbon composite was triturated and homogeneously
mixed with additional 1725 mg of untreated wheat flour. The mixed composite was then
transferred into a high temperature tube furnace and heated under argon atmosphere and heated to
500 °C with a heating rate of 10°C/min and dwell time of 2 hours. The final product contains ca.
32.82 wt% Si loading, and is identified as “Si-DC” (for double coating) in the text. The Si loadings
were calculated based on the calculated change in mass before and after each pyrolytic heat
treatment.
Material characterization
FEI Nova 200 NanoLab DualBeam TM-SEM/FIB was utilized to collect scanning electron
microscopy (SEM) images of the Si-C samples. Thermo Scientific DXR Raman Microscope
equipped with 532-nm laser (3 mW) was employed to record Raman spectrum of the powder
sample mounted on a glass slide. Rigaku SmartLab XRD with a Cu Kα radiation source was used
to collect X-ray powder diffraction pattern of the sample; samples were scanned from 10°to 80°
at a rate of 5°per minute. TA DST Q600 thermal gravimetric analyzer was used to study the thermal
decomposition of the wheat flour and Si/flour mixture from 30°C to 1000°C at 10°C/min under
constant helium flow (100 ml/s).
Post-mortem electrode characterization was performed to observe changes to the electrode
surface due to electrochemical cycling. Upon completion of electrochemical testing, battery cells
were opened under inert atmosphere. The extracted electrodes were washed with dimethyl
carbonate (DMC) to remove residual adsorbed electrolyte solution. The electrodes were dried
under vacuum for 1 hour. The subsequent characterization was performed using SEM imaging.
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Electrochemical testing
To prepare electrodes for lithium ion batteries, an additive slurry was prepared with 3 %-wt.
Styrene butadiene rubber (SBR), 7 %-wt. carboxymethyl cellulose (CMC), 20 %-wt. carbon black
(Super P Li, Timcal Co.), and a solvent of deionized water. The additive slurry was homogenized
using a conditioning mixer (AR100, Thinky) at 8000 rpm. After the initial homogenization, 70 %wt. Si-DC composite was added to the slurry and homogenized for another 10 mins. The
homogenized mixture was casted onto a copper foil using a doctor blade technique. The laminate
was dried at 80°C overnight in a vacuum oven and then punched into 12mm diameter electrodes.
CR2032 coin cells were constructed using a porous polypropylene (Celgard 2500)
separator and lithium metal reference electrode. The utilized electrolyte is composed of 1.0 M
lithium hexaflorophosphate (Sigma Aldrich) and along with 3 %-vol. fluoroethylene carbonate
(FEC) dissolved in an equivolume solvent of ethylene carbonate (EC), diethyl carbonate (DEC),
and dimethyl carbonate (DMC). Battery cells were cycled galvanostatically at various charge rates
with the voltage range 0.01 – 2 V (vs. Li/Li+) using an Arbin BT-2000 Galvanostat. Current
densities were scaled according to the assumption of 4200 mAh g-1 of silicon per
hour).Electrochemical impedance spectroscopy (EIS) measurements were carried out on Gamry
Reference 600 Electrochemical Workstation. The impedance data on the as prepared electrodes in
Li half cells was collected at 0.1V during each charge and discharge cycles; AC voltage
perturbation with amplitude of 10mV over frequency range of 1MHz to 0.01Hz was used. Cyclic
voltammetry (CV) of the cell was collected at a scan rate of 1mV/s from 10 mV to 2V.
Similarly, a comparison laminate (henceforth referred as “Si-Control”) comprised of SBR,
CMC, Super P Li, and pristine Si-NPs was prepared using the above procedure (with a modified
mass ratio of 3:7:79:21, respectively). Additional electrochemical testing was performed as
previously outlined. The total silicon loading was maintained to be constant for both “Si-DC” and
“Si-Control” electrodes.

3.4

Result and Discussion

The carbon substrate utilized in the studied carbon-silicon composite is the product of white wheat
flour under pyrolytic heat treatment. When heated under inert atmosphere, wheat flour decomposes
due to a number of decomposition reactions, with an overall reaction (𝐶6 𝐻10 𝑂5 )𝑛 = 𝐻2 𝑂(𝑔) +
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𝐶(𝑠) + 𝑜𝑡ℎ𝑒𝑟 𝑔𝑎𝑠𝑒𝑜𝑢𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠[72], [73]. The release of gaseous by-products causes in-situ pore
formation within the porous mass (see SEM image in Figure 3-1). The reductive gases from the
pyrolysis and the presence of carbon may also discourage the oxidation of silicon nanoparticles[74].
Thermogravimetric analysis (TGA) demonstrates that the overall pyrolysis mechanism leads to 70%
weight loss of wheat flour.

Figure 3-1. Flour derived carbon formation mechanism investigated by TGA and SEM.
The chemical and material properties of the carbon microstructure enable the effective
containment and restraint of Si-NPs. In particular, the carbon architecture is able to minimize the
volume expansion of Si-NPs during lithiation, hence prevent electrode delamination by limiting
the cumulative stress applied to the electrode. Furthermore, the carbon matrix can serve as a
physical barrier that prevents agglomeration of Si-NPs upon repeated cycling. The addition of a
secondary carbon coating to the composite (via a second pyrolysis treatment with additional wheat
flour) reduces SEI growth by sheltering Si-NPs from direct contact with electrolyte [26]. This dualcarbon coating process reduces the presence of free Si-NPs on the surface of carbon, and enables
a more homogenous distribution of Si-NPs within the primary carbon structure.
Scanning electron (SEM) and transmission electron micrographs (TEM) of the Si-DC
material are shown in Figure 3-2 and Figure 3-3, respectively. The Si-DC composite exhibits a
distribution of micron-size particles, with a small quantity of Si-NPs at the particle surface
(Figure_3-2 a&b). Energy Dispersive X-ray spectroscopy (EDX) elemental mapping of the
composite sample also indicates the formation of carbon/silicon composite particles (Figure 3-2c).
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In comparison to the mechanically-produced sample by directly ballmilling Si-NPs with flourderived carbon (SI Figure A-1), Si-DC particles also exhibit minimal loose Si-NPs on particle
surface. Moreover, a closer look of the surface Si-NPs via TEM imaging reveals that crystalline
SiNPs are covered with amorphous carbon layer (Figure 3-3 a&b). A noticeable darkening of
sample color in Si-DC also suggests the enclosure of Si-NPs by carbon (Figure 3-3c). These
observations suggest that the majority of Si-NPs are encased within the carbon compartment pores
below the surface of the carbon matrix.

Figure 3-2. Morphological and compositional study of Si-DC. a&b) SEM images, and c) EDX of
as synthesized Si-DC particles.

19

Figure 3-3. Carbon coating on silicon. a&b) TEM images of protected silicon NPs; c) visual color
difference of pristine Si-NPs and coated Si-NPs (Si-DC).
Nitrogen sorption measurements at 77K were conducted for pristine Si-NPs and Si-DC
samples. As shown in Figure A-2, the Brunauer, Emmett, and Teller (BET) surface area of Si-NPs
is calculated to be 16.3 m2 g-1 while that of Si-DC is 2.04 m2 g-1 (a value similar to commercial
anodic graphite [14]). Such reduction in surface area again suggests the effective enclosure of
SiNPs by the carbon. The Si-DC sample also exhibits a low total pore volume of 0.007 cm3g-1 with
both micropores (32.9% of total pore volume) and mesopores (67.1 vol %) based on non-linear
density functional theory (DFT) pore size distribution analysis.
The crystallinity and phase purity of the Si-DC composite are confirmed via Raman
spectroscopy and X-ray powder diffraction (XRD). As shown in Figure 3-4a, the sample exhibits
five major Raman bands. With reference to the Raman spectra of Si-NPs and pyrolyzed
commercial wheat flour, the low frequency bands (i.e., 297, 507, and 927 cm-1) of Si-DC derive
from silicon lattice stretching while the high frequency peaks (i.e., 1362 and 1594 cm-1) are
attributed to the characteristic D (disordered) and G (graphitic) peaks of the carbon matrix[18],
respectively. Similar Raman bands for silicon carbon composites have been reported by other
groups [51], [55]. The XRD spectrum of Si-DC (Figure 3-4b) demonstrates excellent agreement
with the reference silicon spectrum (PDF #65-1060). As observed in the Raman spectrum, the
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presence of an amorphous carbon matrix is indicated in the XRD spectrum by the broad intensity
peak occurring between 20°– 27°. The observation of a semi-crystalline carbon substrate during
low temperature pyrolysis is consistent with those reported for similarly produced Si-C composites
observed in the literature [51]. Altogether, the absence of additional spectral features in both
Raman and XRD characterization confirms the binary composition of crystalline silicon and
amorphous carbon in the Si-DC composite.

Figure 3-4. a) Raman and b) XRD spectra of Si-DC samples.
Cyclic voltammetry analysis of the Si-DC electrode was conducted in a half cell at 1mV/s
from 2V to 10mV (Figure 3-5a). During the first discharge, the cathodic peaks at 1V and 0.35V
are due to the formation of the solid electrolyte interphase (SEI) on the hard carbon surface. The
sharp peak below 0.3V is attributed to Si lithiation, which provides the greatest contribution to the
measured capacity. In the subsequent second discharge, the disappearance of the cathodic peaks
at 1V and 0.4V suggest a stable, unchanging SEI. During the first charge, a broad anodic peak
between 0 – 0.8V is observed. This single peak, centered on 0.4 V, is attributed to the delithiation
of the Li-Si alloy; however, this voltammogram feature is not observed in the performance of other
Si-C composites previously reported in the literature. Rather, various reports indicate that the
typical delithiation mechanism of lithiated silicon occurs via two anodic peaks at 0.3 and 0.5V
[51], [55], [64]. It is proposed that the single broad delithiation band is due to diffusion-limited Liion transfer into the micron-size particles, leading to an almost step-wise or gradual delithiation
mechanism instead of two sharp, distinct peaks. This observation can be further observed in the
voltage-capacity profile of the Si-DC electrode (with a lithium metal reference) illustrated in
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Figure 3-5b, where the primary lithiation of Si-DC begins near 0.3V and continues to the cutoff
voltage at 2.0 V. The characteristic delithiation of Si at 0.4V can also be observed. A second anodic
peak centered at 1V and overlapping the Si-delithiation peak can be attributed to the delithiation
of the carbon (see Figure A-4).

Figure 3-5. Electrochemical study of Si-DC cells. a) CV curves for the first 5 cycles; b) voltage
profile, and c) corresponding constant current (C/20) cycling of Si-DC cells.
Extended galvanostatic cycling of the Si-DC electrode at cycling rate C/20 (1C=4200mA
g-1) is shown in Figure 3-5c. Gravimetric capacities are reported on both composite and silicon
bases, while the coulombic efficiency is only reported on a composite basis. The reduction of the
capacity contributions from the carbon matrix is described in the supporting information (See
Figure A-3). The cumulative gravimetric capacity of the first discharge cycle is 1264 mAh g-1 of
composite, and of the first charge is 880 mAh g-1 of composite, leading to an irreversible capacity
loss of 382 mAh g-1 of composite (first cycle CE of 71%). This large irreversible capacity loss is
likely due to the initial SEI formation. Following the initial capacity loss, however, the Si-DC
electrode demonstrates exceptional stability. The gravimetric capacity stabilizes to ca. 700 mAh
g-1 composite after the 10th cycle, and is maintained at ca. 650 mAhg-1 composite after the 90th
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cycle – a capacity retention of ca. 92%. The capacity fade after 90 cycles may be attributed to
instability of the lithium metal reference electrode[14]. The high 700 mAh g-1 composite capacity
delivered by the Si-DC anode is ideal for high energy density applications, even when joined with
a lower capacity cathode material (e.g., <200 mAh g-1). Extended electrochemical study with a
non-metallic reference electrode is currently in progress.
In assessing the stability of the Si-DC anode, it is important to also discuss the capacity
performance on a silicon basis. From extended cycling, the mean reversible gravimetric capacity
of the Si-NPs is observed to be ca. 1500 mAh g-1 Si. This observed capacity, approximately one
third of the theoretical specific capacity of silicon, is expected due to the controlled volumetric
expansion of silicon: limitation of the electrochemical lithiation of silicon by the containing or
surrounding carbon matrix prevents excessive electrode volume changes that may lead to
degradation. Additionally, a voltage cutoff range limited to 10mV–2V further restricts silicon
lithiation and related mechanical stresses, and mitigates excessive SEI growth. The combined
result produces a Si-C composite anode that demonstrates greater stability during extended cycling.
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Figure 3-6. Electrochemical performance and post-cycling comparison between Si-DC and SiControl cells. Rate capability study of a) Si-DC and b) Si-Control cells. c) Pristine electrode
comprising Si-DC, binder and carbon black and d) Si-Control electrodes. Cycled e) Si-DC and f)
Si-Control electrodes.
Multi-rate galvanostatic cycling of the Si-DC electrode demonstrates high capacity at
various cycling rates between C/10 and 1C (Figure 3-6a). The Si-DC composite delivers excellent
gravimetric capacities of 830 mAhg-1 composite at C/10, 629 mAh g-1 composite at C/5, 420 mAh
g-1 composite at C/2, and 300 mAh g-1 composite at 1C. The corresponding silicon-basis capacities
show that Si-NPs are the major contributing component to the composite capacity, delivering ca.
1800mAhg-1 Si at C/10, and 650 mAh g-1 Si at 1C. In comparison to the Si Control (Figure 3-6b),
the Si-DC composite demonstrates higher and more stable capacities, especially at faster cycling
rates. Much like the dual-carbon coated Si-DC composite, the Si Control initially delivers a high
capacity of ca. 3000 mAh g-1 Si during the first 5 cycles. However, the Si Control displays a steeper
capacity fades to 100 mAh g-1 Si at 1C. Post-mortem analysis of the cycled Si-DC and Si Control
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electrodes (Figure 3-6 e-f, respectively) reveal that the dual carbon coating permits a thinner, more
stable SEI than the control electrode while maintaining the integrity of microparticles. In
comparison to the pristine Si-DC electrode (Figure 3-6c), the cycled Si-DC electrode (Figure 36e) is covered by a thin layer regarded as SEI. Additionally, surface Si-NPs become more visible
as a result of prolonged cycling. However, the galvanostatic cycling performance suggests that the
overall integrity of the composite particles is maintained for an extended period of time. When
compared to the cycled Si-DC electrode, the cycled Si Control reference electrode (Figure 3-6f) is
covered by a thick SEI-attributed buildup – a more dramatic change from its pristine state than that
of the Si-DC composite (Figure 3-6d). Excessive volumetric expansion and contraction of Si-NPs
during cycling deteriorates the once-stable SEI, leading to continual SEI formation on the exposed
Si surfaces after each cycle. The continuous capacity fade and poor Coulombic efficiency observed
in the Si Control electrode is a consequence of this recurrently-developing buildup (Figure 3-6b).
To further compare their electrochemical behavior, electrochemical impedance
spectroscopy (EIS) measurements for both the Si-DC and Si-Control reference electrodes were
performed. Shown via Nyquist plot (Figure 3-7), both Si-DC and the Si Control reference display
an electrolyte resistance of ca. 5 ohm (i.e., x-intercept at the high frequency limit) after both the
2nd and 14th cycles. The combined impedance due to the SEI, charge transfer resistance, and
double-layer capacitance (i.e., first circular curve near the high frequency limit [75], [76]) is
approximately the same for both Si-DC and Si-Control reference after the 2nd cycle. However,
after the 14th cycle, this combined impedance reduces by half that of the second cycle for the SiDC composite, while the combined impedance is approximately double that of the second cycle
for the reference. The increase in impedance of the reference is consistent with the thicker SEI
layer observed via SEM after prolonged cycling. Conversely, the significant impedance reduction
observed in the Si-DC composite is hypothesized to be a result of the increasing Si/C interfacial
contact area after prolonged cycling, which decreases charge transfer resistance. Overall, after the
14th cycle, the total impedance of the Si-DC composite is almost 4 times less than that of the SiControl electrode, suggesting the superior electrochemical stability provided by the dual carbon
coating.
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Figure 3-7. Nyquist plots of Si-Control and Si-DC electrodes at discharge of 0.1V.
Table_A-1 summarizes some of the recent reports on biomass-derived carbon silicon
composite including their electorchemcial performance and syntheis techniques. In terms of
electrochemcial perofrmance, the initial CE (71%) and reverisble capacities (700 mAh g-1 of
composite or 1500 mAh g-1 of Si) of Si-DC anodes fall within upper range of the reported values
(CE: 55.7-85% and reversible capacities: 453.5 – 1215.2 mAh g-1). From the perspective of
material synthesis, Si-DC composite is considerably easy to implment in comparison to complex
preparations involving chemical etching, electrospining, and supercritical fluid assisted
biotemplating. Future synthesis optimization via controlling flour moisture content, number of
coating layers, and pyrolysis temperature should yield Si-DC composites with improved
microstructures (finetuned porosity to accommadate silicon expansion and optimal silicon loading),
hence archieving better electrochemcial performance.

3.5

Conclusion

Micron-size Si-DC particles were successfully synthesized via a facile, inexpensive, scalable dual
carbon coating process. The second heat treatment of the Si-C composite with wheat flour serves
as an effective and scalable containment strategy to produce a secondary carbon-coated particle.
Indeed, characterization of these Si-DC particles demonstrate the presence of Si-NPs below, not
above, the surface of the micron-size porous carbon substrate. Galvanostatic electrochemical study
of Si-DC electrodes found that Si-DC can deliver a stable capacity of 700 mAh g-1 of composite
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(ca. 1500 mAh g-1 Si) at C/20 rate for 90 cycles with minimal capacity fade. The Si-DC composite
also exhibits high specific capacities across several rates (830 mAh g-1 composite at C/10, 300
mAh g-1 composite at 1C). In comparison to the Si-Control electrode without intentional
carbonaceous encapsulation, the Si-DC electrode is able to maintain mechanical integrity and
forms a thinner SEI with improved charge transfer abilities after prolonged cycling (i.e., near fulllithiation after 14 cycles). This study concludes that biomass-derived carbon-silicon composites,
utilizing a second pyrolytic heat treatment to produce a carbonaceous particle outer layer, can be
utilized to effectively encapsulate Si-NPs and restrain Si lithiation side effects to improve longterm cycling performance.
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4. CAPACITY RISE OF Γ-FE2O3 NANOPARTICLES IN LITHIUM-ION
BATTERIES

This chapter was previously published as “Pushing the theoretical capacity limits of iron oxide
anodes: capacity rise of γ-Fe2O3 nanoparticles in lithium-ion batteries,”[7] and is reprinted here
with permission from Tang, J.; Zavala Lugo, C. E.; Acuña Guzmán, S. F.; Daniel, G.; Kessler, V.
G.; Seisenbaeva, gulaim A.; Pol, V. G.. J. Mater. Chem. A, vol. 4, pp. 18107–18115, 2016.
Copyright 2016 the Royal Society of Chemistry. Where appropriate, text and figures may have
been modified.

4.1

Overview

Nanoparticles (NPs) of γ- Fe2O3 are successfully prepared via facile hydrolysis of a complex iron
iodide precursor with subsequent oxidation under mild conditions. When evaluated as an anode
material in lithium ion half-cells, electrodes made with γ- Fe2O3 NPs exhibit excellent rate
capabilities with high capacities and good coulombic efficiencies. Electrodes of γ- Fe2O3 NPs
initially deliver capacities of 1100 mA h g−1 at 100 mA g−1 current density and 980 mA h g−1 at
1000 mA g−1. Following an activation step of the electrodes, the capacities increase by up to ∼300
mA h g−1 while coulombic efficiencies also improve slightly. At a high current density of 4000
mA g−1, a stable capacity of 770 mA h g−1 is achieved. In this study, dQ/dv plots are employed to
graphically illustrate the capacity breakdown of each cycle into intercalation, conversion, and extra
capacity regions. Upon prolonged cycling, the extra capacity region expands to yield higher
capacities; this phenomenon has been attributed to both pulverization-induced particle size
reduction and high-rate lithiation-induced activation processes. This study concludes that γ-Fe2O3
NPs could serve as a promising anode material with comparable results to widely studied α- Fe2O3
and Fe3O4 NPs.

4.2

Introduction

In order to propel the wide adoption of electric vehicles, stalled electrochemical performance of
traditional lithium ion batteries must be debottlenecked via the development of next generation
cathode and anode materials[9], [25], [77]. On the anode side, nanosize MxAy (with M = transition
metals, A=O, P, S, F, N) have shown great promises in drastic capacity increase and exceptional
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rate capabilities via conversion reactions with lithium[13], [31]–[33]. Among all reported materials,
iron oxides nanoparticles have been extensively studied in the literature to show stable capacities
close to and sometimes beyond theoretical capacities of 1008mAhg-1 for Fe2O3 and 900 mAh g-1
for Fe3O4. Moreover, iron oxides are low in toxicity, abundant in the nature, and low in cost,
making them ideal for next generation anode materials[78].
Synthesis of iron oxide nanoparticles is offered by a broad variety of techniques. The most
common approach is aimed at production of magnetite, Fe3O4, and based on co-precipitation from
aqueous solutions of Fe2+ and Fe3+ cations by addition of alkali hydroxide[79]. This approach
usually provides particles with the size over 10 nm (can be regulated via the concentrations of the
reactants, reaction time, temperature variation, and stirring conditions). Hematite, -Fe2O3,
nanoparticles are most often produced hydrothermally from pH-regulated aqueous solutions of
Fe3+ salts, usually with addition of surfactants, such as oleic acid[80]. The synthesis of smaller size
(easily oxidized or already partially oxidized) iron oxide nanoparticles is easily achieved via
solvothermal synthesis, starting either from beta-diketonates, for example, Fe(acac)3[81], or
alkoxides such as 2-methoxy-ethoxide, Fe(OC2H4OCH3)3[82]. The latter may appear to be
attractive sources of maghemite, -Fe2O3 material, but the disadvantage of these approaches lies
in the need to remove organic impurities that can be deteriorating for the electrochemical
characteristics.
One main issue with iron oxide based anodes is their large volume expansion upon
lithiation[13]. Such expansion roots in the formation of Li2O (via FexOy + 2y e-+2y Li+  x Fe
+ y Li2O), and often leads to particle de-cohesion and poor cycling performance[32]. To mitigate
the expansion issue and to enhance conductivity, carbon matrices such as carbon aerogel[83],
acetylene black[84], graphene foam[85]/sheets[86], carbon nanosheets[87], and carbon
nanocubes[88] have been utilized as anchoring substrates or buffer layers. Excellent cycling results
have been achieved via such approaches. For instance, Liu et al. reported the synthesis of yolkshell structured Fe3O4@C nanocubes via a novel etching-in-a-box process; they found that sample
with 2 hours of etching time could deliver high capacity of 475 mAh g-1 at 10 A g-1 even after 8000
cycles[88]. For this study, commercial grade carbon black (Super P, Timcal) was used as the
carbon matrix due to its small particle sizes (allowing good dispersion of iron oxide nanoparticles
upon mixing), well-documented physical properties, and commercial viability.
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Transition metal oxide based Li-ion anodes have sometimes been reported to deliver
reversible capacities exceeding their theoretical capacities[89]–[94]. Some of these observed
higher-than-theoretical capacities may come from miscalculation of true active material under the
false assumption of zero capacity contribution from conductive matrix such as Super P carbon.
Nonetheless, several detailed studies have been dedicated to explore the origin of extra capacity at
low potential[89]–[91], [93]. Laruelle et al. found that pseudocapacitive character of the in situ
produced polymeric/gel film is the main contributor to the extra capacity[89]; and the theory is
further supported by first-principles simulations conducted by Zhukovskii et al.[95]. Ponrouch et
al. however showed that such pseudocapacitive effect is negligible via geometrical calculations,
hence supported another theory that reversible polymeric/gel film via electrolyte decomposition at
low potential is responsible for the extra capacity[93]. Su et al. later found that transition metal
NPs (lithiation product of the conversion reactions) would work as electrochemical catalysts to
allow reversible conversion of some SEI components[91], aiding the reversible electrolyte
decomposition theory.
Herein, we report the sustainable synthesis of γ-Fe2O3 nanoparticles via low temperature
oxidation of the partially oxidized magnetite Fe1-xFe2+xO4+x/2, which is first prepared via hydrolytic
decomposition of the complex iron iodide, Fe(FeI4)2[96]. The γ-Fe2O3 nanoparticles are
subsequently evaluated as lithium anode material. While α-Fe2O3 and Fe3O4 have been extensively
studied as anodes in the literature, electrochemical evaluation of γ-Fe2O3 as anodes is seldom
reported[32], [97]–[99]; hence, this study would provide a good addition to the understanding of
iron oxide based anodes. Large capacity contribution from reversible electrolyte decomposition
and continuous capacity rise were also observed and analyzed using primarily dQ/dv plots to
support previously proposed theories on the origin of extra capacity. Moreover, high-rate
lithiation-induced activation of iron oxide nanoparticles is reported for the first time.

4.3

Experimental Sections
Synthesis of iron oxide nanoparticles

Initially the solution of complex iron iodide, Fe(FeI4)2, was produced via dissolution of iron metal
powder in warm aqueous solution (80°C) containing stoichiometric amounts of elementary iodine
(see Figure 4-1a). The obtained reddish brown solution was removed from the minor rests of
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unreacted iron powder and transferred in a separate flask connected to a funnel with stoichiometric
amount of sodium carbonate solution. The latter was added dropwise under constant stirring
leading to formation of a black precipitate. The sediment was separated by decantation and washed
by a small portion of 0.1 M HCl, and then by water and alcohol, and dried in air. The obtained
sample was subsequently oxidized at 150°C in air for 3 hours using a tube furnace.
Material characterization
Transmission Electron Microscopy (TEM) measurements were conducted using an FEI-TITAN
microscope operating at an accelerating voltage of 300 kV. X-ray diffraction pattern was collected
using Rigaku SmartLab XRD with a Cu Kα radiation source; samples were measured from 10° to
80°with a scan rate of 5°per minute. Raman spectrum was collected using Thermo Scientific DXR
Raman Microscope with a 532-nm laser; low laser power of 0.5mW was used to avoid oxidation
of iron oxide samples in air. Nitrogen sorption measurements at 77K were conducted using
Quantachrome Nova 2200e surface analyzer; prior to the measurement, the samples were vacuum
degassed at 300°C for 12 hours.
Electrochemical testing
A slurry of 50 wt% γ-Fe2O3, 30% Super P carbon black, 15% carboxymethyl cellulose (CMC), 5%
styrene butadiene rubber (SBR), and appropriate amount of deionized water as solvent were first
homogenized for 30 mins using a Thinky planetary mixer. The slurry was then casted on to a copper
thin film via doctor blade. The laminate was dried at 80°C in a vacuum oven overnight and then
punched into 12mm diameter electrodes. Similar procedure was followed to prepare pure Super P
electrode with 80wt% Super P carbon black, 15% CMC, and 5% SBR. CR2032 coin cells were
constructed using the prepared electrode as the working electrode, a lithium foil as the counter
electrode, Celgard 2500 as the separator, and 1M LiPF6 electrolyte with 1:1:1 ratio of Ethylene
Carbonate (EC): Diethyl Carbonate (DEC): Dimethyl Carbonate (DMC) and 3 vol% of
Fluoroethylene Carbonate (FEC). Galvanostatic cycling were conducted using Arbin BT-2000
Potentiostat at room temperature.
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4.4

Result and Discussion
Physical characterization

As shown in Figure 4-1a, the synthesis process used in this work to produce uniform spherical iron
oxide nanoparticles is based on dissolution of metallic iron powder in a hot aqueous solution of
iodine, leading to formation of a stable and highly water soluble complex Fe(FeI4)2[96]. The latter
is then decomposed by addition of a sodium carbonate solution. The target material is slowly
precipitating from the reaction medium and the highly soluble byproduct NaI is easily removed by
washing with water and ethanol, where it is well soluble. Transformation of the original magnetite
to maghemite structure is achieved then by low temperature thermal treatment. The proposed
technique is advantageous in several senses. It is an attractive option in the synthesis of Fe3O4
nanoparticles as it does not require application of inert atmosphere. The ratio between Fe(II) and
Fe(III) is maintained due to the stability of the produced mixed-valence iodide complex Fe(FeI4)2.
Even transformation of the complex into oxide can take place under milder conditions compared
to the common co-precipitation synthesis requiring strongly basic medium in combination with
the use of volatile and hazardous ammonia. The proposed approach is sustainable as it can be
carried out in large-scale production of sodium iodide for medical use, leaving iron oxide
nanoparticles as byproduct.

Figure 4-1. Preparation of γ-Fe2O3 nanoparticles. a) Green synthesis route of γ-Fe2O3 via the
formation of Fe(FeI4)2 complex; b&c) corresponding TEM images and d) particle size distribution
diagram.
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TEM images reveal that synthesized γ-Fe2O3 NPs have spherical morphology with
nanosize dimensions (Figure 4-1 b-d). Individual particle sizes are measured using ImageJ
software to show that γ-Fe2O3 NPs have a narrow particle size distribution with an average
diameter of 14nm. Moreover, these nanoparticles also appear to be highly crystalline. X-ray
powder diffraction pattern of these NPs (Figure 4-2a) indicates matching XRD peaks of the
crystalline γ-Fe2O3 (PDF#39-1346), confirming the cubic spinel-type structure. Raman spectrum
(Figure 4-2 b) for the sample also matches well with the reported spectrum of γ-Fe2O3 in the
literature[100]. Given the oxidation conditions (with T=150°C), formation of γ-Fe2O3 is expected
over α-Fe2O3 which requires synthesis temperature greater than 400°C[100]. Moreover, as
evidenced by the slightly lower intensity of the Fe(II) cation pre-edge in the collected XANES
spectrum (Figure B1), initial synthesis of nanoparticles under ambient atmosphere (i.e., air)
apparently facilitates the immediate production of maghemite (-Fe2O3) fragments due to partial
oxidation. This enables the low-temperature transformation of magnetite (Fe3O4) into maghemite
(-Fe2O3) which is isostructural with magnetite.
Nitrogen sorption results of γ-Fe2O3 nanoparticles are shown in Figure 4-2 c-d. The
sorption isotherm resembles Type III isotherm with a hysteresis loop[101]; and the BET surface
area of γ-Fe2O3 sample is estimated to be 83.93 m2g-1. The pore size distribution is obtained using
Quantachrome built-in density functional theory (DFT) model; and the result shows that the
sample contains mainly mesopores with a mode of 9.33 nm. Considering the fact that Type III
isotherm usually corresponds to sorption interactions on a surface of a nonporous or macroporous
solid [101], the mesoporosity of these NPs presumably comes from the interparticle pores formed
by agglomerated NPs.
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Figure 4-2. Characterization of prepared γ-Fe2O3 nanoparticles. a) XRD pattern; b) Raman
spectrum; c) nitrogen sorption isotherms; and d) DFT pore size distribution.

Electrochemical analysis
Electrochemical performance of γ-Fe2O3 NPs as anode was evaluated from 1 mV to 3 V in lithium
half-cell configuration. Since the electrodes contain high amount (30 wt%) of Super P carbon black
which was reported to deliver high capacities[102], capacity contribution from Super P carbon has
been deducted from the original cycling results according to the following equation.
𝑄𝐹𝑒2 𝑂3 =

𝐶𝑡𝑜𝑡𝑎𝑙 −𝑀𝑆𝑢𝑝𝑃 ∗𝑄𝑆𝑢𝑝𝑃
𝑀𝐹𝑒2 𝑂3

(1)

Where Q is the specific capacity of the material in mAh g-1, M is the mass of the material in grams,
and 𝐶𝑡𝑜𝑡𝑎𝑙 is the total capacity (in mAh) recorded by the battery cycler and equals to the sum of
capacity contributions from both Fe2O3 and Super P carbon black. QSupP is estimated based on a
fitted function using real run time as input (see Figure B-2).
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Figure 4-3 summarizes the galvanostatic cycling results of γ-Fe2O3 NP anodes. As shown
in Fig. 3a, high discharge capacity of 1557 mAh g-1 of γ-Fe2O3 electrode is achieved in the first
cycle; and the 1st cycle coulombic efficiency is 70.7% due to irreversible capacity loss of 457mAh
g-1. Similar 1st cycle irreversible capacity losses and coulombic efficiencies are also observed in
other cells in this study (see Figure 4-7 and Figure B-5), indicating consistent electrochemistry
among cells. These results are also in good agreement with those reported in the literature for iron
oxide[103]. The 1st cycle irreversible loss is generally attributed to the formation of irreversible
SEI formation, structure pulverization, and entrapment of some lithium in the active material.
Recently, Su et al. observed reversible phase conversion from Fe0 to FeO (instead of commonly
perceived end product Fe2O3) upon delithiation via in situ TEM/EELS studies and suggested this
phenomena could account for about 82% of initial irreversible capacity loss in lithium half
cells[103]. The theoretical irreversible capacity loss is calculated to be 335 mAh g-1 of Fe2O3 based
on irreversible phase conversion to FeO (744 mAh g-1) from initial phase of Fe2O3 (1008mAhg-1).
After the 1st cycle, coulombic efficiency immediately stabilizes to around 98% for the first
45 cycles and later increases to ~99%, indicating good reversibility of the conversion reactions.
For the first 45 cycles, the γ-Fe2O3 NPs exhibit excellent rate capabilities of ~1100 mAh g-1 at 100
mA g-1 and ~980 mAh g-1 at 1000 mA g-1. Upon repeating the same cycling schedule (starting
from the 46th cycle), drastic capacity increases of up to ~300 mAh g-1 are observed. The capacities
are ~1400 mAh g-1 at 100 mA g-1 and ~1155 mAh g-1 at 1000 mA g-1; high capacity of 770 mAh
g-1 was also recorded at 4000 mA g-1. The NPs appear to have undergone an activation process
that contributes to the capacity gain; details on this phenomena will be discussed in a later section.
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Figure 4-3. Galvanostatic cycling of γ-Fe2O3 NPs electrodes vs Li/Li+ from 1mV to 3V. a) Rate
capability study; b) corresponding voltage profile and c) dQ/dv plots for the first 44 cycles.

Pre-activation electrochemical performance
To understand the cycling behavior of γ-Fe2O3 NPs, voltage plots and dQ/dV plots at various rates
(100, 200, 500, and 1000 mA g-1) for 11th, 22nd, 33rd, and 44th cycles were constructed. As
illustrated in Figure 4-3b-c, the lithiation process of γ-Fe2O3 NPs can be divided into three
regions[93]: (I) intercalation region (3.0-1.5V), where random intercalation of lithium into oxide
structure takes place [104], [105]; (II) main conversion region (1.5-0.6V), where reduction of iron
oxides into Fe0 takes place; (III) extra capacity region (0.6-0.001V), which has been attributed to
the formation of reversible electrolyte decomposition[32], [89], [106]. For this study, the three
regions are determined via the identification of the conversion region (II) which is characterized
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by an intense peak centered at ~1V; the onset and the end potentials of this peak are used as the
cutoff voltages.
Figure 4-4a summarizes the discharge capacity breakdowns of these cycles; the numbers
shown above each colored bar are capacity percentages with respect to the 11th cycle discharge
capacity. It is clear that all three regions experience capacity loss as current density increases, but
the degree of decline varies among each region. In the intercalation region (I), the capacity drops
linearly from 8.67% to 6.88% as current density increases from 100 to 1000 mA g-1; this drop is
likely linked to the destabilization of lithiated phase at fast rates[105]. As lithium continues to
intercalate into the structure, Fe0 will eventually begin to precipitate out of the solid solution
accompanied by the formation of Li2O[107], signaling the start of the conversion reaction. In the
conversion region (II), the capacity drop is the most drastic (from 63.57% to 52.27%). This is
likely due to rise of cell polarization (defined as the potential difference between discharge and
charge to 50% of full capacity) [76], [108] at fast rates as illustrated in Figure 4-4c. The rise of
electrode impedance (defined as the ratio of polarization over current density) is also observed as
rate increases, suggesting the dominance of diffusion controlled interfacial interactions over
charge transfer controlled ones which would have yielded an opposite trend[76]. In other words,
lithiation process during the conversion reaction is mainly limited by lithium diffusion into the
Li2O layer rather than charge transfer at fast rates. Graphically, this limitation is demonstrated by
the reduction in peak intensity (suggesting less reacting active material) and peak shift toward
lower voltage region (suggesting rise of polarization) in Figure 4-4b. A combination of regions (I)
and (II) can be considered as the overall capacity of the conversion reaction that gives Fe0 NPs;
these combined capacities (688-816 mAh g-1) are centered around the theoretical capacity of FeO
(744 mAh g-1), supporting the claim that FeO is the active phase after 1st cycle[103].
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Figure 4-4. Discharge capacity breakdown at different rates, percentage is with respect to the
discharge capacity of 11th cycle (at 100mA g-1); dQ/dv plots for b) conversion reaction and d) extra
capacity regions; c) polarization and impedance at 50% SOC as a function of current density.
In the extra capacity region (III), the capacity surprisingly appears to reach a maxima of
29.35% at 200 mA g-1 instead of 100 mA g-1, suggesting the presence of more complex reaction
mechanisms that does not linearly depend on current density. In the literature, the origin of extra
capacity has been largely attributed to the reversible electrolyte decomposition that is associated
with the formation of gel-like polymer film with nanometer thickness during lithiation at low
voltage potentials and its subsequent decomposition upon delithiation[32], [103]. In spite of the
nonlinearity in extra capacity gains as a function of current density, the humps located around
0.15V appear to increase linearly in intensity and shift toward higher voltage as the current density
increases (see Figure 4-4d). Such discrepancy in linearity suggests the probability of additional
reactions taking place on the surface of active material. The presence of the humps in the discharge
curves of dQ/dv plots could be interpreted as the appearance of additional diffusion barriers other
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than the gel-like polymeric film. To understand the root cause of this hump, two pure Super P
carbon black electrodes (consisted of 80% Super P, 15% CMC, and 5% SBR) were cycled under
the exactly same conditions as iron oxide electrodes (See Figure B-3). The only exception is that
one cell contained 3% FEC in the electrolyte while the other did not. It is clear that the similar
humps developed when 3% FEC was used in the pure Super P carbon half-cell while no hump was
observed in the half-cell without FEC additive. It’s been known that FEC additive would degrade
into elastic polymeric films during initial lithiation at low voltages[109], and in many cases it has
been utilized to protect anodic materials undergoing significant volumetric expansion against
excessive SEI formation [110], [111]. Upon formation of these elastic films, additional diffusion
barriers are also established, leading to the development of observed humps in cells utilizing FEC.
At fast cycling rates, the diffusion of Li ions would suffer greater impedance going through these
films, leading to the rise of the humps. One question, however, still remains regarding the
interaction between the FEC derived films and the reversible electrolyte decomposition layers; and
this topic is currently being explored in the follow-up study.
Post-activation electrochemical performance
As previously mentioned, γ-Fe2O3 NPs electrodes seem to have undergone an activation process
that lead to the appreciable capacity gains after the 46th cycle. Average charge capacities at each
current density are summarized in Figure 4-5 to clearly demonstrate these capacity gains. One can
see that the gain is more significant at lower current density (~300 mAh g-1 at 200 mA g-1) than
the ones at higher currents (~200 mAh g-1 at 1000 mA g-1).
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Figure 4-5. Pre- and post-activation charge capacity comparison

To examine the fine differences between the pre- and post-activation cycles, dQ/dv plots
of relevant cycles (22nd vs. 66th, and 44th vs. 88th) at various rates are summarized in Figure 4-6
(also see Figure B4 for 33rd vs. 77th). The colored areas represent the capacity differences between
cycles. The black curves are for pre-activation cycles while the red curves are for post-activation
cycles. The green region represents the range where pre-activation cycles show higher capacities
(larger areas) than post-activation cycles while the yellow and purple regions represent the
opposite case. The distinction between the yellow and purple regions are made based on the
previous assignment of conversion (II) and extra (III) regions. It can be observed that the discharge
peaks of post-activation cycles are noticeably weaker in intensity than pre-activation ones, leading
to the formation of green and yellow regions illustrated in the figure. Such distinct and uniform
changes in the conversion region suggest physical property changes in the active materials. It is
known that both alloy and conversion type materials could undergo amorphization process upon
prolong cycling leading to the formation of amorphous materials, and pulverization induced
particles size reductions (sometimes known as electrochemical milling) [105], [112]. Despite the
distinct cycling behaviors in the conversion regions for pre- and post-activation cycles, the
capacity in the region maintains nearly unaffected for each rate (areas of the yellow and green
regions are about the same). This makes sense because the amount of active materials participating
in the conversion reaction at each rate is essentially unchanged.
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Figure 4-6. dQ/dv plots of selected cycles at 200 and 1000 mA g-1 rates. Colored areas represent
the capacity differences between pre- and post-activation discharge curves.
As illustrated by the purple regions in Figure 4-6, the real contributor to the capacity
differences comes from the extra capacity region where a downward shift of the discharge curves
is observed at all rates. The changes in this region nearly account for all the capacity gains. Since
the region involves the reversible electrolyte decomposition which logically should have a positive
relationship with surface areas of the NPs, capacity increases in this region are likely linked to an
increase in surface area, again suggesting changes in physical properties (morphology and particle
sizes). The known pulverization-induced particle size reduction of α-Fe2O3 NPs upon prolonged
cycling has been reported by Tarascon’s group[105]. Moreover, significant surface reconstruction
of the NPs may have also played an important role in the increase in extra capacity region upon
activation. Sun et al. observed drastic surface reconstruction of Co3O4 hollow spheres upon highrate lithiation-induced activation where lithiation at high rates (0.45-1.12C, with 1C= 890 mAh g1

) is thought to have aided in the formation of nanopores on sphere surfaces and nanosheets

surrounding the spheres[112]. In this study, γ-Fe2O3 NPs are also cycled at similar rates and the
reported surface reconstruction is likely to have taken place in γ-Fe2O3 NPs.
To demonstrate the existence of high-rate lithiation-induced activation mechanism, two
cells were cycled using schedules with (Figure 4-7b) and without (Figure 4-7a) a high rate cycling
period. It can be seen that the cell without high-rate cycling exhibits gradual capacity increase in
the first 35 cycles, likely due to pulverization related capacity increase; the capacity then stabilizes
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at ~1370 mAh g-1. In comparison, the cell with high-rate cycling delivers similar capacity of ~1380
mAh g-1 right after the activation step, and then its capacity continues to rise to 1740 mAh g-1 at
the end with signs of potentially even greater capacity rise. Such distinct contrast between these
cells confirms the existence of a high-rate lithiation- induced activation. Comparison between Fig.
3a and Fig. S5 also yields similar conclusion in cycling performance. Additionally, Coulombic
efficiency of greater than 100% is observed in the cell underwent activation (Figure 4-7b),
suggesting higher delithiation capacities than lithiation. This phenomena could be attributed to the
thinning/reconstruction of SEI layer [112] that releases some of previously trapped lithium ions
from the SEI layer back into the electrolyte; and it seems to amplify at lower current density (more
significant at 50 mA/g than100 mA/g in Figure 4-3a). To the best knowledge of the authors, no
previous study on conversion materials has reported Coulombic efficiency higher than 100% for
continuous cycles. The exact mechanism of this process will be investigated via in-situ Raman
spectroscopy.

Figure 4-7. Difference in cycling performance a) without and b) with activation procedure. Dotted
line indicates the end of high rate period in b).

42
4.5

Conclusion

Facile preparation of γ-Fe2O3 NPs was successful via hydrolysis of a complex iron iodide precursor
with subsequent oxidation under mild conditions. As prepared γ-Fe2O3 NPs were evaluated as
anode materials in lithium ion half-cells. This material exhibited excellent rate capabilities with
very high capacities and good coulombic efficiencies. Pre-activation cycles showed that γ-Fe2O3
NPs delivered capacities of ~1100 mAh g-1 at 100 mA g-1 and ~980 mAh g-1 at 1000 mA g-1; postactivation cycles revealed drastic capacity increases of up to ~300 mAh g-1 following the same
schedules as the pre-activation cycles. At high cycling rate of 4000 mA g-1, high and stable capacity
of 770 mAh g-1 was also obtained. Moreover, it was observed that upon prolong cycling the extra
capacity region (0.6V-0.001V) expanded to yield higher capacities; the phenomena has been
attributed to pulverization-induced particle size reduction and high-rate lithiation-induced
activation processes. In conclusion, this study found that γ-Fe2O3 NPs could serve as promising
anode materials with comparable results to the widely studied α-Fe2O3 and Fe3O4 NPs.
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5. CONVERSION-ALLOYING COMPOSITE ANODES: CASE STUDY
OF IRON OXIDE-SILICON COMPOSITE ANODES

5.1

Introduction
Binary conversion-alloying materials

In this study binary conversion-alloying composites refer to composite materials containing one
conversion and one alloying material in their individual crystal phase. This is to draw distinction
from the single phase CAMs (i.e., ZnCo2O4).[113] Binary conversion-alloying materials have been
previously studied by some groups.[114]–[122] Table 5-1 presents a literature survey of binary
CAM anodes utilizing iron oxide as the conversion material and Si or Sn as the alloying materials.
This table lists some of the critical control parameters such as particle morphology, iron oxide
loading mass, coating arrangement, and voltage window. It is clear that almost all of these
parameters are modified in each case, making it impossible to compare these materials. It is also
difficult to grasp the proper design guidelines to improve the performance of future CAM anodes.
In light of these challenges, this study aims to critically evaluate the pros and cons of several key
design parameters and to study the interactions between conversion and alloying materials in a
simple composite system. The outcomes of this study should provide a clean guideline for future
study of similar CAM anodes.
It is important to point out the difference between binary CAMs and TiO2 or Al2O3 coated
alloying composites. The coating of TiO2 and AlO2 is typically implemented using atomic layer
decomposition (ALD) technique to achieve sub-nano to nanometer thickness.[123]–[128] Studies
have found that TiO2 and Al2O3 both lithiate via intercalation mechanism to form LiTiO2 and
Li3.4Al2O3, consequently, they are not considered as CAMs.
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Table 5-1. Literature survey of binary CAM anodes with iron oxide.
ConversionAlloying Material

External
coating of
conversion

Loading

Cycling
Window

1st cycle CE

Electrochemistry

Ref

Silicon/hollow γFe2O3

Yes

0-0.8V

50% (estimated
from graph)

2600 mAh/g of Si with no
fading; 98.8% CE after 50
cycles at 1C

[114]

Si/hematite
@carbon hybrid
nanosheets

No

41.6wt%
Fe2O3; 1 to 4
Fe/Si atomic
ratio
20 wt%
Fe2O3;
65wt% Si

0.012.8V

67.2% @ 750
mA/g

1980 mAh/g @ 750 mA/g for
250 cycles

[115]

SiO/Fe2O3
composite

mixed

5wt% Fe2O3;
95wt% Si

0.011.5V

68% @160
mA/g
(vs. 62% of
milled SiO)

1893 mAh/g 1st-cycle charge
capacity; 71% charge capacity
retention after 50 cycle (vs.
40% retention for milled SiO)

[116]

FeOx-coated
SnO2

Yes

1:3 molar
ratio of Fe:
Sn

0.051V

28% (estimated
from graph)

500 mAh/g with minimal
fading for 150 cycles at 400
mA/g (vs. <130 mAh/g for
pristine SnO2)

[117]

α-Fe2O3/SnO2
nano heterostructure

Yes

not reported

0.0052.5V

69.4%
@1000mA/g

[118]

iron oxide
ulrathin film
coated SnO2
nanoparticles
Fe2O3-SnO2-C
nanocomposite

Yes

0 - 4.5 wt%
Fe content

0.5-3V

not reported

1200 mAh/g to 200 mAh/g in
30 cycles at 1000 mA/g (vs.
600 to 180 mAh/g in 30 cycles
for SnO2 and Fe2O3 fibers)
658 mAh/g at 1250 mA/g for
1000 cycle with 94% capacity
retention

mixed

1:1 molar
ratio of Fe:Sn

0.01V3V

69% at 158
mA/g with
carbon;
53% without
carbon

1110 mAh/g at 158 mA/g for
50 cycles with carbon

[120]

[121]

Consideration of important design parameters
Prior to synthesizing binary conversion-alloying composites, many design parameters have to be
realistically and critically evaluated in order to obtain practical anodes. Three important constraints
are cycling voltage window, conversion to alloying mass ratio, and structural relationship between
conversion and alloying materials. These constraints in turn determine lithiation and delithiation
end products, volume changes of the composite, and irreversible capacity loss, which in turn affect
cycling stability and reversible capacities. Previous literature on binary CAMs often fail to
recognize these constraints, leading to exaggerated cell performance and false conclusions.
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To illustrate the potential effects of these constraints, a binary system with silicon and
Fe3O4 is considered with some simple mathematical calculations of volumetric changes and
capacity changes. For volume calculation of the pristine and lithiated products, density values
reported in the Materials Project are used. As shown in Figure 5-1, Case (I) and (II) demonstrate
the lithiation of individual Si and Fe3O4 particles leading to volume expansion of 370% and 180%,
respectively. In a binary system, volume expansion of the composite anodes are limited within
these two extremes as in Figure 5-1a and decreases with increasing amount of Fe3O4. This is the
frequently-mentioned “buffering” benefit of incorporating conversion materials or other lowexpansion materials (e.g., carbon) in alloying system. To reduce the volume expansion of binary
CAMs, it is thus perceivable to use high fraction of conversion materials. Such strategy however
requires sacrificing the reversible capacity of the composite.

Figure 5-1. Impacts of changing Fe3O4 weight fraction on Fe3O4-Si CAMs. a) Theoretical
calculation of volume expansion of the composites and b) 1st cycle discharge and charge capacities
as a function of Fe3O4 wt fraction.
As shown in Figure 5-1b, if assuming full-lithiation (discharge to 0V) and full-delithiation
(charge to 3V) of the binary CAMs without SEI formation, both the lithiation and delithiation
capacity curves (denoted “lithiation cap. to 0V”) as a function of Fe3O4 wt fraction would overlap,
but the capacity linearly decreases with increasing Fe3O4 content. The first cycle Coulombic
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efficiency (defined as delithiation capacity over lithiation capacity and denoted as “CE @0-3V”)
is 100% and is not affected by changes in Fe3O4 content at this cycling window. However, upon
imposing a reasonable restraint on the cycling voltage window (change to 0-1V in this example),
the delithiation capacity of CAMs is expected to drop significantly due to the irreversible
formation of Fe and Li2O below 1V, essentially removing the capacity contribution from Fe3O4.
The capacity of silicon is assumed to remain unchanged in this potential window. In this case, the
1st cycle Coulombic efficiency (denoted “CE @ 0-1V”) also falls drastically with increasing Fe3O4
amount. Consequently, the amount of Fe3O4 in the CAM composites should be minimized to retain
high CE.
From the above calculations, it is clear that a compromise between having good volume
buffering and obtaining high Coulombic efficiency must be reached when designing the binary
CAMs. From a practical point of view, the ideal anode should operates at low voltage window to
maximize the full-cell potential and hence its energy density. The anode should also have minimal
first cycle irreversible capacity loss to ensure high cell capacity. Accordingly, this would mandate
the use of low-conversion-content CAMs with minimal benefit of volume buffering. However, if
a prelithiation procedure (i.e., applying stabilized metal lithium powder onto CAM anodes to
compensate first cycle Li loss) can be implemented with low costs, then high-conversion-content
CAMs may still be practical.
Additionally, it is important to consider the structural relationship between conversion and
alloying materials in the CAM composites. Figure 5-2 below illustrates three common structural
relationships in the binary systems – a) alloying coated conversion, b) conversion coated alloying,
and c) independent alloying and conversion particles, and their corresponding lithiated structures.
Given the same voltage window restraint (0-1V), Fe and Li2O will remain in the structure during
subsequent cycling. In Case (a) Fe3O4 buffers the volume expansion of Si during 1st lithiation
(minimal buffering if using low-Fe3O4 CAMs), but then the material will behave much like the
regular silicon nanoparticles as the silicon and electrolyte interphase is always presented. Similarly,
in Case (c) where Fe3O4 and Si are rather independent, the silicon will behave as regular silicon
and Fe3O4 will become inactive after 1st lithiation. In Case (b), Fe3O4 will reduce to Fe and Li2O
on the surface of silicon after first lithiation. Li2O is ionically conductive but electronically
isolating, making it an ideal SEI layer; in fact, it is already a common component of the SEI layer.
[129] Thus it is reasonable to assume that Fe3O4 coating would increase the amount of Li2O on Si
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surface, potentially stabilizing the SEI layer. The presence of Fe nanoparticles on Si surface may
also enhance the interparticle electrical conductivity, leading to better utilization of the silicon
capacity. On the contrary, the Fe nanoparticles could improve the overall electronic conductivity
of the SEI, leading to additional electrolyte decomposition. Therefore, an optimal Fe3O4 coating
likely exists to improve capacity of the CAMs while minimizing the growth of SEI.

Figure 5-2. Three idealized structural relationships between conversion and alloying materials and
their potential changes upon lithiation.
Lastly, it is important to recognize that the above considerations only serve as guidelines
for designing a binary CAMs. The trends predicted by these calculations should remain true, but
the degree of changes is presented at its extremes. Incorporation of porosity (i.e., yolk-shell CAMs)
or other components (i.e., carbon coating) in the CAMs could lessen the degree of changes
observed in overall volume expansion and 1st cycle capacity loss. For the present study, iron oxide
coated silicon nanocomposites are considered and the iron oxide mass loading is limited to the
lower end (<30%) as direct result of the above thought experiments.
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5.2

Experimental Sections
Synthesis of iron oxide coated silicon nanoparticles

The current synthesis is a modification of previously reported for depositing gold nanoparticles on
to silica nanoparticles.[130] In a typical experiment, 400 mg of 100-nm silicon nanoparticles
(46308, Alfa Aesar) is first dispersed in 400 ml of ethanol (200-proof) inside a 500-ml glass flask.
1 ml of (3-mercaptopropyl)trimethoxysilane (MPTMS, Sigma Aldrich) is then added into the
mixture; the final concentration of MPTMS in the solution is calculated to be ~0.013M. The
solution is mixed continuously using a magnetic stirrer for 20 hours; and later brought to a low
boil at 80⁰C for 1 hour to promote formation of MPTMS layer on the surface of silicon. Once the
solution cools down naturally, it is first centrifuged to extract all the silicon nanoparticles which
are then washed with 400 ml of ethanol to remove unreacted MPTMS. To load iron onto the surface
of silicon, the MPTMS grafted silicon is dispersed again in 400 ml of clean ethanol and
Fe(NO3)3*9H2O dissolved in 10 ml of ethanol is added dropwise into the silicon solution in a span
of 5 minutes. The amount of Fe(NO3)3*9H2O is varied to target different iron oxide loading on
silicon, and the exact amount used is listed in the table below. The mixture is brought to a low boil
at 80⁰C for 30 mins to facilitate reactions between thiol groups and iron nitrate; once cooled,
silicon nanoparticles are extracted by centrifuge and then washed with 400 ml of ethanol to remove
excess reactants. The cleaned silicon nanoparticles are collected and vacuum dried overnight. The
final products are obtained by heating the samples at 500⁰C for 2 hours under continuous argon
flow inside a tube furnace. The samples are denoted as “SiMP-” for MPTMS-treated silicon, “Fe#” for samples with iron nitrate (higher # indicates higher iron precursor loading), and “-H” for
heat treated samples. The exception is made for the pristine silicon nanoparticle which is denoted
as “Si-Con”. For instance, “SiMPFe3” would represent silicon nanoparticles treated with 1 ml of
MPTMS and 100 mg of iron nitrate, while “SiMPFe3H” represents the same sample after the heat
treatment process so it contains iron oxide.
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Table 5-2. List of reactants for the synthesis of Fe3O4-Si CAMs.
Sample ID

Si NPs (mg)

Ethanol (ml)

MPTMS (ml)

Fe Precursor (mg)

SiMP2H

400

400

1

0

SiMPFe3H

400

400

1

100

SiMPFe4H

400

400

1

200

SiMPFe5H

400

400

1

400

SiMPFe6H

400

400

1

800

Characterization of prepared samples
Transmission electron microscopy (TEM), scanning transmission electron microscopy (STEM)
(under high angle annular dark field, HAADF), and energy dispersive X-ray (EDX) mapping of
the samples were conducted on a FEI TALOS 200X system. Additional TEM images of the
samples were collected using an FEI-TITAN microscope operating at an accelerating voltage of
300 kV. X-ray powder diffraction patterns were collected using a Rigaku SmartLab XRD with a
Cu Ka radiation source; the samples were measured from 20⁰ to 100⁰ at a scan rate of 3⁰ per minute.
Raman spectra were collected using a Thermo Scientific DXR Raman Microscope with a 532 nm
laser; a low laser power of 0.5mW was used to avoid oxidation of iron oxide samples in air.
Synchrotron X-ray diffraction (XRD) measurements were performed at the 11-ID-C beamline at
the APS, Argonne National Laboratory. Data was collected in transmission mode using X-rays
with energy of 105.7 keV (λ = 0.1173 Å). Samples were loaded into a Linkam Thermal Stage. The
Si support and the empty cell were measured at the same condition for background subtraction.
The 2-D diffraction patterns were integrated to 1-D scattering intensity vs 2 theta data by GSASII
software.[131] Materials Analysis Using Diffraction (MAUD) software was used to generate the
diffraction pattern of potential phases under the measurement condition to help determine the
crystal phase of each sample.[132]
TA DST Q600 thermal gravimetric analyzer was utilized to study the thermal
decomposition process of the samples prior to heat treatment. The temperature range is set from
room temperature to 500⁰C at a heating rate of 10⁰C min-1; and Helium flow is set at 50 ml min-1.
To determine the bulk iron content in the final products, atomic absorption spectroscopy (AAS)
was performed with a PerkinElmer AAnalyst 300 Atomic Absorption Spectrometer. A Fe standard
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(Sigma Aldrich) was diluted with millipore water to create calibration standards. About 20 mg of
each final product was dissolved in 2 g of HF (48 wt%, Alfa Aesar) for several days and then
further diluted with 50 g of millipore water prior to elemental analysis. Some silicon particles
remained in the HF solution, thus the amount of silicon content cannot be accurately determined
from AAS.
Moreover, a Kratos Axis Ultra DLD spectrometer fitted with an Al Kα (1486.6 eV) X-ray
source was used for collecting the X-ray photoelectron spectra (XPS) of the prepared samples and
cycled electrodes. The XPS spectrometer is equipped with an Ar-filled glovebox so air-sensitive
samples can be studied. The cycled coin cells were first delithiated to 1.5V and then opened inside
the glovebox; the electrodes were rinsed with dimethyl carbonate (DMC) to remove residual
electrolyte and then blew dry under argon flow prior to loading onto XPS sample stages.
For TEM imaging of cycled electrodes, the cycled coin cells were first delithiated to 1.5V
and then opened to extract the electrodes which were rinsed with DMC inside another Ar-filled
glovebox. Portions of the electrode coating were scraped off and dispersed in clean DMC; a few
drops of this dispersion were then placed on the TEM grid and then vacuum dried inside the
antechamber. The TEM grids were then sealed inside scintillation vials for transportation to the
TEM. The air exposure time of the loaded grids is estimated to be around 2 minutes.
Electrode preparations
To prepare the laminates, a slurry containing 50wt% of pristine or modified Si nanoparticles
(SiMP2H and SiMPFe#H), 30wt% Super P carbon black, and 20 wt% sodium carboxyl cellulose
(Na-CMC) binder pre-dispersed in millipore water was first homogenized using a Tinky mixer;
and then casted onto copper foil using a doctor blade. The laminates were dried at 80⁰C inside a
vacuum oven and then punched into 12mm electrodes. CR2032 coin cells were constructed using
the prepared electrodes as the working electrode, Celgard 2500 as the separator, and 12mm lithium
metal foil as the counter electrode. The electrolyte used is battery-grade 1M LiPF6 in EC: DMC
(50:50 volume %, Sigma Aldrich) with additional 5 volume % FEC additive.
For the study of iron oxide and silicon interactions, similar laminate was prepared using
43.3 wt% of SiMP2H, and 6.7 wt% Fe3O4 nanoparticles, 30 wt% Super P carbon black, and 20
wt% sodium carboxyl cellulose (Na-CMC) binder. The ratio of SiMP2H to Fe3O4 resembles that
of SiMPFe5H.
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For the study of Si-graphite electrodes, 73 wt% of graphite (TB-17, Timcal), 15 wt% of
SiMPFe5H or Si-Con nanoparticles, 2 wt% Super P carbon black, and 10 wt% Na-CMC binder
were first homogenized into slurry and then casted onto the copper foils. The electrodes are
denoted as “GSi” for graphite mixed with Si-Con electrodes, and “GSi5H” for graphite mixed with
SiMPFe5H electrodes. The active mass (graphite and silicon) load is controlled between 1.0-1.5
mg per electrode or 0.88-1.42 mg cm-2.
Electrochemical testing
After assembly, all coin cells were rested for 24 hours prior to testing. Gamry Reference 600+ or
600 potentiostat was used to collect cycling voltammetry (CV) curves in voltage windows of
10mV-1.5V or 10mV-3V at 0.1, 0.2, 0.3, 0.4, 0.5, and 1 mV s-1. Electrochemical impedance
spectroscopy (EIS) data of each cell was also collected using Gamry. Prior to EIS measurement,
the cells were charged to 1.5V at specific cycles and allowed to rest to a stable voltage at zero
current. The EIS measurements were then conducted using voltage perturbation of 5 mV over
frequency range of 1MHz to 0.1 Hz. Constant current cycling of the cells was accomplished using
an Arbin cycler with voltage window of 10 mV to 1.5V. Current density of 100 mA g-1 was used
for the first two formation cycles in all cells; the cells were then cycled at 200, 400, 600, 800, 1000,
and 200 mA g-1 for rate study or 500 mA g-1 for long-term cycling.

5.3

Result and Discussion
Synthesis and characterization of as-prepared Fe3O4-Si CAMs

The synthesis procedure of Fe3O4-silicon CAMs is illustrated in the figure below. It is
accomplished in three main stages. The first stage involves the grafting of MPTMS onto silicon
nanoparticles. It is reported that silicon quickly develops native oxide layer that is few nanometers
in thickness under ambient conditions [133] (Figure C-1 shows the oxygen and silicon EDX
mapping of SiNPs) and these oxide layers could further react with moisture in air or solvent to
form hydroxyl groups on the surface. After the addition of MPTMS, the hydroxyl groups (-Si-OH)
on the silica surface will react with the methoxysilane groups (-Si-OCH3) via a condensation
reaction (also see supporting information Figure C-2) [130], [134]–[137]. The MPTMS molecules
are also capable of self-polymerization to form multilayer coating on the silica surface. TEM
images of the pristine Si and MPTMS-grafted Si particle are shown in Figure 5-3 below. It can be
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seen that about 15 nm of MPTMS layer is uniformly coated onto the silicon particles. Given the
identical reaction conditions, MPTMS coatings on all samples are assumed to be the same at the
end of the first stage, so the degree of thiol (-SH) functionalization in each sample is similar.

Figure 5-3. Schematic of Fe3O4-Si CAMs synthesis route and TEM images of a) pristine silicon,
b) MPTMS grafted Si NPs, and c) Fe3O4-Si nanocomposite.
During the second stage, different concentrations of iron nitrate/ethanol solutions was
added into the ethanol dispersion of MPTMS-grafted Si nanoparticles. The thiol groups (-SH) from
MPTMS interact with Fe3+ to form thiol iron complexes during the reaction, hence immobilizing
the iron onto the surface of silicon. In general, as more iron nitrates are used during synthesis,
more thiol iron complexes are expected to form on the surface of silicon. Consequently, higher
weight loss is expected. Thermogravimetric analysis (TGA) of the second-stage products (SiMP2
and SiMPFe3-6) were conducted to validate the prediction. Moreover, ex-situ XRD measurements
of SiMPFe6 and SiMPFe6H (both samples contain the highest iron loadings for better detection)
were compared in Figure 5-4. Only silicon diffraction pattern is observed in SiMPFe6 while
additional Fe3O4 diffraction pattern is observed in the SiMPFe6H. This suggests that the thiol-iron
complex on the silicon surface is amorphous and contains no crystalline iron nitrate. To elucidate
the detailed reaction mechanism, however, GC-MS and FTIR techniques will become essential.
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Figure 5-4. a) TGA curves of the second-stage products; and b) XRD patterns of SiMPFe6 and
SiMPFe6H.
During the third stage, the iron-loaded and MPTMS-grafted silicon nanoparticles were
heated to 500⁰C in argon to decompose the thiol-iron complex into silicon oxide and iron oxide.
X-ray powder diffraction patterns of the final products are summarized in Figure 5-5a below. It
can be observed the as-prepared CAMs exhibit two sets of diffraction peaks related to silicon and
Fe3O4; and the Fe3O4 diffraction peaks become more apparent as more iron nitrates are used in the
synthesis. For the SiMPFe3H sample, iron oxide peaks are not detected due to the low mass loading
of Fe3O4. Synchrotron XRD of the SiMPFe4H also confirms the presence of Fe3O4 and Si in the
sample (Figure C-3). The relative intensity ratio of the Fe3O4 (311) and Si (111) peaks is calculated
to show a positive trend with more iron nitrate usage, suggesting increased iron oxide contents in
the CAMs. The amount of iron in the CAM samples was determined using atomic absorption
spectroscopy (AAS) and the mass loading of Fe3O4 (assuming all iron contents come from Fe3O4)
is 3.02, 6.52, 13.30, 24.47 wt% for SiMPFe3H, 4H, 5H , and 6H, respectively (see Figure 5-5b).
The loading value nearly doubles in each subsequent batch where iron nitrate concentration is also
doubled. Moreover, excellent agreement between the peak ratio curve and Fe3O4 mass loading
curve is also observed.
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Figure 5-5. a) XRD patterns of all prepared Fe3O4-Si CAMs, and b) Fe3O4 (311)/Si (111) peak
ratio and AAS iron oxide contents showing positive relationship.
X-ray photoelectron spectroscopy (XPS) was conducted on the pristine SiNPs, SiMP2H,
and SiMPFe5H samples to examine the silicon surface modifications after heat treatment. SiMP2H
was obtained by heating the MPTMS-grafted Si to 500⁰C for 2 hours under argon, and silicon
oxide was expected as the end product of MPTMS-grafted surface. As shown in Figure 5-6, the
O-1s and Si-2p peaks are similar for SiNPs and SiMP2H. Both samples contain silicon oxide peak
(at 103.5eV) and elemental silicon peak (at 99.4 eV). This oxide layer is also evidenced in the
oxygen EDX mapping of SiNPs (Figure C-1) and SiMP2H (Figure 5-7). SiMP2H however exhibit
a larger intensity ratio of silicon oxide to silicon peaks comparing to SiNPs, suggesting the buildup
of silicon oxide layer as a result of MPTMS thermal degradation. Similar buildup of silicon oxide
is also observed in the SiMPFe5H sample. Additionally, the SiMPFe5H also exhibits extra O-1s
metal oxide peak (red arrow, 529-530eV) and Fe-2p peaks that can be attributed to the surface iron
oxide deposition on silicon nanoparticles.
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Figure 5-6. X-ray photoelectron spectroscopy of pristine SiNPs, SiMP2H, and SiMPFe5H.
Transmission electronic microscopy (TEM) and energy-dispersive x-ray (EDX) mapping
were utilized to reveal the microstructures of the prepared CAM samples. TEM images of SiMP2H,
SiMPFe4H and SiMPF6H are shown in Figure 5-7 (please see supporting information Figure C-4
for TEM images of SiMPFe3H and 5H). For SiMP2H, a thin layer (~5 nm) of silicon oxide is
deposited on the silicon surface after thermal decomposition of the MPTMS coating (Figure 5-7a).
Similar silicon oxide coating is also observed in the SiMPFe#H samples as revealed by the EDX
mapping of oxygen. The SiMPFe#H samples are also covered by Fe3O4 nanoparticles (<20 nm
diameter). The number of Fe3O4 nanoparticles on silicon seems to increase with the Fe3O4 loading.
More importantly, no loose Fe3O4 nanoparticles are found in the SiMPFe#H samples. This is
distinctly different from another sample prepared without MPTMS (see Figure C-5), thus
emphasizing the necessity to functionalize silicon surface to achieve targeted Fe3O4 deposition.
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Figure 5-7. HRTEM and EDX mapping of a-b) SiMP2H, c-d) SiMPFe4H, and e-f) SiMPFe6H.

Influences of Fe3O4 coating on cycling performance
Electrochemical testing of the Fe3O4-Si CAM electrodes was conducted in half cells in which
lithium foil was used as counter electrode, Celgard 2500 was used as the separator, and 1M LiPF6
in EC:DEC with 5% FEC was used as the electrolyte. Cyclic voltammetry measurements were
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carried out to understand the redox process. As shown in Figure 5-8, the reduction of iron oxide
takes place at ~1V and finishes at ~0.5V for samples containing Fe3O4, and is not observed in Si
control and SiMP2H cells. This reduction peak increases positively in intensity with the Fe3O4
loading and gradually shifts toward 0.52V, the peak center observed in Fe3O4 control electrode
(see SI Figure C-6). Continued lithiation to 10mV and delithiation to 1.5V only reveal CV peaks
related to Si lithiation (0.19V) and Si delithiation (0.35 & 0.51V), suggesting that the deactivation
of Fe3O4 in the samples. The deactivation is expected since the delithiation window is limited to
1.5V rather than 3V which is typically required to reverse the Fe3O4 reduction.

Figure 5-8. Cyclic voltammetry of all Fe3O4-Si CAMs and control samples at 0.1mV/s. The first
three cycles are shown. The inset in a) shows the iron oxide reduction peak.
To illustrate this point, CVs of the same SiMPFe6H cell were collected at voltage window
of 10mV-3V and then again at 10mV-1.5V. In Figure 5-9, the voltage and current responses were
plotted against testing time to better illustrate the evolution of the changes. As predicted, the Fe3O4
reduction peak reappears right after the subsequent 3V charge but disappears again when narrower
voltage window was implemented. This observation emphasizes the importance of evaluating
CAMs at practical voltage windows since failing to do so would introduce additional redox
reaction of conversion materials (hence extra capacity) and obscure the electrochemical analysis.
Moreover, the deactivation of conversion material at narrow voltage window should be taken into
account when designing the CAMs as previously mentioned in Section 5.1.2.
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Figure 5-9. Cyclic voltammetry of SiMPFe6H in voltage windows of 10mV-3V and 10mV-1.5V.
Current and voltage plotted as a function of test time.
Galvanostatic charge and discharge of the Fe3O4-Si CAMs was carried out at voltage
window of 10mV to 1.5V. All cells were cycled first at 100 mA/gcam for two cycles and then at
500 mA/gcam for long duration. Figure 5-10 summarizes the average cycling results of the first two
cycles (average results from 3-5 cells were calculated). In comparison to silicon control sample
(dotted lines), all SiMP2H and SiMPFe#H samples delivered better CE and significantly higher
discharge capacities than the silicon control sample in the first two cycles, indicating the
effectiveness of silicon oxide and iron oxide coating at improving cell performance. A closer
examination of the trends however reveals that as the Fe3O4 mass loading increases, CE values are
declining while discharge capacities are increasing toward a maximum at 13.30% Fe3O4 (for
SiMPFe5H). These opposite trends likely originate from two competitive phenomenon taking
place at the silicon surface. On one hand, the formation of Li2O and Fe nanoparticles will enhance
the ionic and electronic conductivity of the silicon particles leading to higher capacity. On the
other hand, the enhancement in electronic conductivity could allow more electrons to migrate
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toward the electrode-electrolyte interphase leading to more SEI formation. When examining the
1st and 2nd cycle capacity losses, the high-Fe3O4 loading samples SiMPFe5H and 6H exhibit higher
capacity losses which contain both loss from Fe3O4 reduction (123 and 227 mAh/gCAM for 5H and
6H samples, respectively) and loss from SEI formation (57 and 211 mAh/gCAM after subtracting
Fe3O4 reduction loss). This indeed suggests excessive iron oxide (hence high electronic
conductivity) can lead to more SEI formations.

Figure 5-10. Cycling results of all Fe3O4-Si CAMs as a function of Fe3O4 loading. a) Coulombic
efficiency, b) capacity loss, and c) discharge capacity in each sample.
After the initial formation cycles at 100 mA/g, the cycling current is increased to 500 mA/g.
It can be seen from Figure 5-11a, the similar trend in discharge capacity seen in 2nd cycle is
observed. SiMP2H and SiMPFe3H - 6H deliver improved cycling capacities of 1229, 1610, 1577,
1688, and 1526 mAh/g, respectively, while silicon control delivers 972 mAh/g. All cells show
good cycling retention. Differential capacity voltage plots at the 22nd cycle are shown in Figure 511b. The lithiation and delithiation peaks are assigned to silicon with no additional peaks observed,
validating that iron oxide coating does not introduce new reaction mechanism into the system. The
intensity of the peaks however appears to increase after Fe3O4 coating with SiMPFe5H being the
most intensive. This suggests that silicon lithiation and delithiation process is enhanced, likely
promoted by the improved ionic and electronic conductivity as a result of Fe3O4 coating. The
average CE values over 50 cycles are also computed to show no significant difference in all
samples with or without Fe3O4 coating, and the average CE centered around 98.6% for all cells.
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Figure 5-11. Long-term cycling performance of Fe3O4-Si CAMs and silicon control at 10mV-1.5V.
a) Galvanostatic cycling, b) dQ/dv plots at 22nd cycle, c) 50-cycle average CE values for each
material.
To further elucidate the difference in Li diffusion, cyclic voltammetry curves of each CAM
anode were collected at scan rates of 0.1, 0.2, 0.3, 0.4, and 0.5 mV/s to allow the comparison of
the apparent Li diffusion coefficients in the solid state by Randles-Sevcik equation (Eqn. 5-1). [17]
1/2

1/2

𝐼𝑝 = 2.69 × 105 𝑛3/2 𝐴𝐶𝑜 𝐷𝑜 𝑉1/2 = 𝑆(𝐷𝑜 ) 𝑉1/2

(5-1)

Where Ip is the peak current (A), 2.69x 105 has a unit of C*mol-1*V-1/2, n is the number of electrons,
A is the apparent electrode area (cm2); Co the solid state ion concentration change (mol*cm-3), Do
is the apparent Li ion diffusion coefficient (cm2*s-1), V is the scan rate (V*s-1), and S represents
the multiplication of all constants shown in the Sevcik equation. By plotting Ip as a function of
V1/2, the slope of the fitted line will equal to “S(Do1/2)”. Since “S” is the same for all electrodes in
this study, an increase in the slope reflects an increase in the diffusion coefficient Do. Figure 5-12a
illustrates the CV curves of Si-con electrode collected at various scan rate and the Ip values for the
delithiation peak at ~0.5V (dotted line) were collected. Similar procedure was conducted for other
CAM samples (Figure C-7). The peak values Ip were then plotted against square root of scan rates
as shown in Figure 5-12b. It can be seen that samples without iron oxide coating, Si_con and
SiMP2H, exhibit very similar slopes, signifying both materials have similar Li diffusion
coefficients. On the other hand, all iron oxide containing samples SiMPFe3H-6H exhibit much
higher slopes, indicating the improvement in Li diffusion coefficients. The formation of ionic
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conductor Li2O and electronic conductor Fe nanoparticles on silicon surface is attributed to the
improvement in Li diffusion. However, there is no clear correlation between Fe3O4 loading and
diffusion coefficient improvement as seen Figure 5-12b.

Figure 5-12. Cyclic voltammetry analysis of CAM samples. a) CV curves of Si_Con electrode
collected at various scan rates, and b) peak current plotted against square root of scan rates for
comparison of apparent Li diffusion coefficients for all CAM samples.
The importance of having Fe3O4 on silicon surface
While capacity enhancements are observed in Fe3O4-Si CAMs, it is not immediately clear whether
the enhancement originates from the closely packed structure of Si and Fe3O4 nanocomposites or
primarily derives from the changes in chemical composition. To investigate this, another control
electrode system was prepared by mixing 43.3 wt% SiMP2H and 6.7 wt % Fe3O4 nanoparticles
together during the slurry preparation. In other words, the chemical composition of this electrode
(“control structure”) is nearly identical to a SiMPFe5H electrode (“target structure”), but the
spatial arrangement of Si and Fe3O4 is different as illustrated in Figure 5-13. SiMP2H was chosen
in favor over the pristine Si nanoparticles because both SiMP2H and SiMPFe5H contain a silicon
oxide layer derived from MPTMS. Half-cell rate cycling was conducted for both electrodes and
the results are presented in Figure 5-13. It is clear that SiMPFe5H delivers major capacity
enhancement over the uncoated “SiMP2H + Fe3O4” system, signifying the importance of having
Fe3O4 coating on the silicon surface where Li2O and Fe nanoparticles form in-situ from Fe3O4
reduction to improve conductivity.
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Figure 5-13. Left) Schematic of potential SEI formation in target structure and control structure.
Right) rate capability study comparison of SiMPFe5H and “SiMP2H +Fe3O4” electrodes.
Moreover, in the case of uncoated “SiMP2H + Fe3O4” cell, both SiMP2H and Fe3O4
particles should exhibit independent electrochemical characteristics as illustrated in Figure 5-13.
To verify this, the cycling results from SiMP2H alone and Fe3O4 alone cells are used to simulate
the mixed scenario. Figure 5-14 below presents the dQ/dV plots from actual cell cycling and
simulation. The two plots exhibit very similar characteristics in terms of peak location and peak
intensity; and the simulated capacity and CE values also show good agreement with actual data,
suggesting that SiMP2H and Fe3O4 did indeed cycle independently without interactions. Further
comparison with the SiMPFe5H electrode also reveals that SiMPFe5H exhibit a rather weak Fe3O4
reduction peak and a rather sharp peak at 0.43V as shown in red circles. The weak Fe3O4 reduction
peak can be a result of higher silicon activation, leading to a lower ratio of Fe3O4 capacity to Si
capacity during the initial cycle while the sharp peak at 0.43V indicates more delithiation reactions
taking place.

Figure 5-14. Differential capacity voltage plots of a) “SiMP2H + Fe3O4” electrode, b) simulated
result based on SiMP2H and Fe3O4 control electrodes, and c) SiMPFe5H.
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To ensure that the benefit of Fe3O4 coating will persist through long cycles, the Li2O and
Fe nanoparticles layer must be able to withstand the volume expansion of silicon and remain on
the surface of silicon. To verify this, ex-situ EDX mapping was conducted on particles collected
from the SiMPFe5H electrode after 300 cycles. As shown in Figure 5-15 below, silicon
nanoparticles have lost its spherical morphology due to repeated expansion and contraction.
Nonetheless, the iron particles remain close to the surface of the silicon nanoparticles, signaling
that conductivity enhancement by iron could still be sustained over cycling. TEM diffraction
pattern was also collected to verify the presence of iron in the cycled particles (See Figure C-8).
Additionally, the active particles are surrounded by carbon and oxygen elements, likely from the
SEI layer. The formation of Li2O layer on the particle surface as a result of iron oxide reduction is
difficult to isolate from other oxygen containing SEI components.

Figure 5-15. EDX mapping of cycled SiMPFe5H particles at delithiated state.

Evaluation of Fe3O4-Si CAMs in graphite-dominated electrodes
Previous discussions have indicated that Fe3O4-Si CAMs can deliver much higher specific capacity
than the pristine silicon and SiMP2H even though the CAMs contain lower amount of Si contents.
In other words, higher capacity can be achieved with less Si without noticeable downsides. This
statement is further tested in a more commercially relevant electrode composition. Briefly, 73 wt%
graphite, 15 wt% pristine silicon or SiMPFe5H, 10 % Na-CMC binder, and 3% Super P carbon
black were mixed and casted as anodes. Graphite-Si electrode is denoted as “GSi” and graphite-
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SiMPFe5H electrode is denoted as “GSi5H”. The capacity and density values are referred to the
combined mass of graphite and Si or SiMPFe5H. The cycling results are shown in Figure 5-16
below. During the first 3 cycles at 50 mA/g, the capacities of both cells fall in the same range of
400-500 mAh/g. The differential capacity voltage plots of both cells at 2nd cycle reveal overlapping
peaks of both Si (“*”) and graphite (“#”). GSi5H exhibits a slightly lower 1st cycle CE (80.2%)
than GSi (85.4%), and this can be traced back to the higher 1st irreversible capacity loss of
SiMPFe5H as shown in Figure 5-9b. Upon cycling at 200 mA/g, peaks in the dQ/dV plots of GSi
rapidly reduce in intensity, and silicon peaks become unidentifiable at Cycle #100, suggesting loss
of active silicon. The loss can be attributed to the significant SEI buildup that eventually insulates
the silicon nanoparticles from the electrode matrix. On the contrary, the silicon peaks in GSi5H
show an increase in intensity. At Cycle #100, the silicon lithiation peaks at 0.1 V and 0.23V
become distinguishable from graphite lithiation peaks, suggesting that SiMPFe5H particles can
remain active over cycles.

Figure 5-16. Galvanostatic cycling of GSi and GSi5H at the voltage window of 10mV-1.5V. a)
Capacity vs. cycle plot, and corresponding dQ/dv plots at b) 2nd, c) 4th, and d) 100th cycle.
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5.4

Conclusion

A series of Fe3O4-Si CAMs were successfully prepared using MPTMS as surface functionalization
agent to target Fe3O4 deposition on the surface of silicon nanoparticles. The massing loading of
Fe3O4 in the composites was controlled in the range of 0-24.47 wt%. Detailed characterization
using XRD, AAS, TEM, and EDX mapping were carried out to confirm that desired core-shell
type CAM structure was obtained. Half-cell studies were then conducted to show that both
Coulombic efficiency and reversible capacity of all Fe3O4-Si CAMs have been enhanced in
comparison to the pristine silicon electrode. Best results are obtained using SiMPFe5H (with 13.3
wt% Fe3O4) which exhibits reversible capacity of 1688 mAh/g at 500 mA/g with minimal fading.
Cyclic voltammetry measurements at various scan rates were conducted to reveal that iron oxide
coating significantly improves the apparent Li diffusion coefficient in the solid state. Moreover,
control study of SiMPFe5H and “SiMP2H + Fe3O4” reveal that having iron oxide reside on the
surface of silicon is crucial to enhance cycling performance. Ex-situ EDS mapping of cycled
SiMPFe5H particles indicates that iron particles continue to reside on silicon surface after
prolonged cycles. The performance enhancement using SiMPFe5H was also evidenced in a
graphite-dominating electrode which exhibits more than 2-fold capacity increase over the control
electrode using Si nanoparticles.
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6. SODIUM-ION BATTERY ANODES COMPRISING CARBON
SHEETS

This chapter was previously published as “Sodium-Ion Battery Anodes Comprising Carbon Sheets:
Stable Cycling in Half- and Full-Pouch Cell Configuration,”[8] and is reprinted here with
permission from Tang, J.; Barker, J.; Pol, V. G.. Energy Technol. 2017, 1–9. Copyright 2017 John
Wiley & Sons, Inc. Where appropriate, text and figures may have been modified.
6.1

Overview

In this work, carbon sheets derived from starch packing peanuts were evaluated for their viability
as sodium-ion anode in both half-cell and full-pouch cell configurations. The carbon sheets are
~1 μm thick and 5-50 μm wide in dimensions with hard carbon structuring. The carbon sheets have
a surface area of 430 m2 g-1 with 92.5% micropores (<2 nm) and 7.5% mesopores (2-6 nm).
Moreover, the carbon sheets contain a native Na2CO3 layer on the surface that could act as stable
artificial solid electrolyte interphase (SEI). Evidently, carbon sheet anode delivers 153 mAh g-1
of reversible capacity at 50 mA g-1 and 55mAh g-1 at 1000 mA g-1 with good cycling stability (92%
capacity retention) after 150 cycles. Post diagnostic analysis of the cycled carbon sheet electrode
reveals that sheet-like morphology of the carbon remains preserved after one hundred D-C cycles
and no excessive SEI formation is observed. The carbon sheet anodes, when paired with NaaNi1-xy-zMnxM1yM2zO2

cathode by Faradion Limited (UK), exhibit an average discharge voltage of 3.15

V. Stable cycling is demonstrated in full cells with 90% capacity retention after 200 cycles and
84% retention after 300 cycles in pouch cells. This excellent long-term cycling stability with
average 99.8% columbic efficiency is among the best reported for sodium-ion full cells in the
literature and is attributed to the material’s stable SEI formation.

6.2

Introduction

As a sustainable alternative technology to lithium-ion batteries (LIB), sodium-ion rechargeable
batteries (SIB) operating with analogue mechanisms to LIBs have been intensively investigated in
recent years[2], [5], [138]. Much like its lithium counterparts, a wide range of cathode materials
(e.g. layered metal oxides and phosphates) have been reported for suitable applications in
SIBs[139]–[142]. Similar to LIBs, carbon based anodes remain the most viable choice for SIBs,
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owing to their good cycling stability (due to low volumetric expansion upon full sodiation),
suitable specific capacity, and low sodiation potentials[143]–[147]. Commercial graphitic carbon
anodes for LIBs have been experimentally shown to deliver minimal sodiation capacity correlating
to a NaC64 intercalation structuring (<35 mAh g-1)[15]. Theoretical calculations based on the
interactions between carbon graphitic layers, Na ions, and Li ions reveal that large carbon
interplanar distances of >0.37nm (commonly seen in hard carbon materials) is required to permit
favorable Na ion intercalation[148].
Following the initial report by Dahn’s group on utilizing hard carbon as SIB anodes [144],
researchers have considered many material design strategies to improve their electrochemical
performance[149], [150]. For instance, Tarascon’s group recently evaluated the relationship
between hard carbon microstructure and sodiation behavior using polyacrylonitrile (PAN) derived
carbon nanofibers (CNFs) pyrolyzed at temperatures ranging from 650 to 2800⁰C[151]. They
found that low-temperature CNFs mainly sodiate by uptake of Na ions at heteroatom-induced
defect sites and Na adsorption/intercalation into the disordered graphene sheets, resulting in a
sloping voltage profile; while high-temperature CNFs (>2200⁰C) primarily sodiate via a nanopore
filling mechanism with a long voltage plateau (~200 mAh g-1) at ~0.1 V. Their findings highlight
the importance of synthesis conditions on controlling the microstructure of hard carbon, which
ultimately affects their electrochemical behavior. Equally important is the morphological design
of hard carbon. Reports on carbon spheres[145],

carbon fibers[152]–[154], hollow carbon

nanowires[148], hollow carbon nanospheres[155], and various porous carbons [15], [156], [157]
have exhibited widely varying electrochemical performance as SIB anodes. While some of these
materials have shown stable cycling or exceptional rate capability against metallic sodium counter
electrodes, the long-term cycling stability of these materials in a full-cell configuration with a
limited sodium supply is seldom reported. Therefore, their viability as potential anodes in
commercial SIB cells remains unanswered.
In this detailed research work, we are reporting on the development of a novel SIB anode
comprising hard carbon sheets produced by the scalable solid-state pyrolysis of starch packing
peanuts. The electrochemical behavior of carbon sheets as SIB anodes was evaluated in both halfcell and full-cell configurations and demonstrated excellent cycling stabilities. More specifically,
up to 300 stable cycles with carbon sheet anode in full cell configuration is reported with 99.8%
Coulombic efficiency. The cycling stability is attributed to the stable formation of SEI layer via

68
electrochemical impedance spectroscopy (EIS) and ex-situ SEM studies. To the best of our
knowledge, this is among the most stable SIB full cell cycling reported in literature [143].

6.3

Experimental Sections
Material synthesis and characterization

The synthesis of carbon sheets via controlled pyrolysis of starch based packing peanuts is detailed
in our previous study [24]. Briefly, commercially available starch based packing peanuts were
manually compressed inside an alumina crucible and undergone a pyrolysis process at 600⁰C for
3 hours inside a tube furnace with continuous argon flow. The furnace temperature were ramped
up at 10⁰C/min during the heating stage and were naturally cooled down to room temperature
without assisted cooling. The carbonized packing peanuts were subsequently milled into fine
powders using a mortar and pestle; the prepared powder was termed “carbon sheets” in regards to
their unique morphology. The carbon sheets produced in kilogram quantities by SureCarbon, a
Tennessee company, were used for large size laminate preparation and their testing in pouch cells.
To examine the morphological features of as-prepared carbon sheets, Scanning Electron
Microscopy (SEM) images of the sample were obtained using FEI Nova 200 NanoLab DualBeam
TM-SEM/FIB while its Transmission Electron Microscope (TEM) images were collected using
FEI-TITAN Microscope operating at an accelerating voltage of 300kV. SEM images of the pristine
and cycled electrodes were collected using Joel JCM-6000Plus Neoscope Benchtop SEM. Prior to
SEM, the cycled electrode was first washed with PC solvent to remove residual electrolyte in the
glovebox and was then vacuum dried. Nitrogen sorption at 77K was also conducted using
Quantachrome Nova 2200e surface analyzer. To examine the chemical constituents in the sample,
X-ray diffraction pattern was recorded using Rigaku Smartlab XRD fitted with a Cu Kα radiation
source (in the scanning range of 10⁰ to 80⁰ with a scan rate of 2⁰/min); Raman spectrum was
obtained using Thermo Scientific DXR Raman Microscope with a 633 nm laser source. XPS
measurement was conducted using Kratos X-ray photoelectron spectrometer.
Coin cell preparation and testing
The carbon sheets were homogenized with 10 wt% Super P carbon black and 10 wt% PVdF binder
along with NMP solvent to form a uniform slurry. Prepared slurry was subsequently casted on to
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a battery grade copper foil via a doctor-blade method and was then dried at 80⁰C under vacuum.
The dried laminate was punched into 12 mm diameter disks for half-cell assembly.
CR2032 coin cells were constructed inside a glovebox (with O2 and H2O < 1ppm) using
sodium foil as the counter electrode, glass fiber (934-AH, Whatman Inc) as the separator, and
carbon sheets electrodes as the working electrode. The electrolyte is 1 M NaClO4 salt in propylene
carbonate (PC) solvent. Galvanostatic cycling measurement of the half-cells was performed using
an Arbin cycler with voltage window of 1mV to 3V. Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) studies were conducted using a Gamry Electrochem Workstation
REF600. EIS measurements were carried out using AC voltage perturbation of 5mV over
frequency range of 1MHz to 0.1Hz; fitting of EIS results was accomplished in Gamry Echem
Analyst software and goodness of fit for all fitting is in the order of 10-4.
Pouch cell preparation and testing
The carbon sheets were formulated into the negative electrode using C65 diluent carbon (Imerys)
and PVdF binder (Kureha Inc.). The active loading in the negative electrode material was 92wt%.
A proprietary layered Na-ion cathode material NaaNi1-x-y-zMnxM1yM2zO2 developed by Faradion
Limited was used as the positive electrode material [33,34]. The active loading in the positive
electrode material was 89wt%. Both electrodes were coated via traditional Li-ion type techniques
using NMP as the binder solvent. To reflect the differences in the expected specific capacities of
the active materials, the positive to negative mass balance was set at approximately 1.43:1.00. The
target aerial electrode capacity for the cells was set at around 2.5 mAh cm-2.
The current collector used for both electrodes was SDX carbon-coated aluminum (Showa
Denko Inc.). The cells were fabricated in Na-ion pouch cells using a glass fiber separator (GF/A
Grade, Whatman Inc.). The electrolyte comprised a 0.5 M NaPF6 solution in a mixture of cyclic
and aliphatic carbonates. The pouch cells were vacuum sealed prior to testing. The pouch cells
were tested under constant current conditions at 30⁰C using a commercial Maccor battery cycler.
The voltage limits were typically 1.0-4.3 V (CC/CV charge) at a charge/discharge rate of
approximately C/5.
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6.4

Result and Discussion

Figure 6-1 summarizes the methodologies undertook to realize scalable production of carbon sheet
based SIB anodes. With support from SureCarbon (TN, USA), the process of converting starch
packing peanuts into carbon sheets via solid-state pyrolysis was successfully scaled up to kilogram
quantities. Large quantities of carbon sheets enabled us to manufacture larger laminates required
for SIB pouch cells in collaboration with Faradion Limited (UK). Utilizing Faradion’s proprietary
SIB cathode, carbon sheet anodes are evaluated in full cell configuration to assess their long-term
cycling stability.

Figure 6-1. Large scale production of carbon sheet anodes for SIB pouch cells.
The morphological and structural features of the carbon sheets are examined via
SEM/TEM imaging and nitrogen sorption measurement. As shown in Figure 6-2 a-b, SEM images
of the sample reveal the presence of sheet-like morphology with thickness of ~1μm and width
distribution of 5-50μm. The carbon sheets was found to originate from the thin walls of expanded
starch packing peanuts [24]. A TEM image of the sheets in Figure 6-2 c indicates the lack of longrange ordering of carbon atoms. The disordered carbon structuring originates from the low
temperature (600⁰C) pyrolysis of starch based precursor [17]. Further characterization of carbon
sheets via nitrogen sorption isotherms (Figure 6-2 d) demonstrated a Brunauer-Emmett-Teller
(BET) surface area of 430 m2 g-1. The pore size distribution analysis using a built-in DFT model
from Quantachrome reveals the presence of both micropores (<2 nm) and mesopores (2-6 nm)
with dominant 1.232 nm pores (see Figure 6-2 d inset). Additional calculations reveal that the

71
sample contains 92.5% micropores and 7.5% mesopores of the total calculated pore volume (0.198
cm3 g-1).

Figure 6-2. Morphological and structural characterization of carbon sheets. a&b) SEM images; c)
TEM image; d) nitrogen sorption isotherms at 77K and corresponding pore size distribution (inset);
e) XRD pattern and f) Raman spectrum of carbon sheets
The structural and chemical constituents of the sample are studied using XRD and Raman
spectroscopy. As shown in Figure 6-2 e, the XRD pattern of carbon sheets shows three distinctive
peaks (at 2ϴ = 22.2⁰, 42.9⁰, and 77.1⁰) that are assigned to the graphite diffraction peaks for the
(002), (100), and (110) planes, respectively. The significant broadening of (002) peak suggests
low degree of graphitization in the material; and the interlayer spacing between (002) planes is
calculated to be ~0.4 nm based on Bragg’s law. Large interlayer spacing (> 0.335 nm of graphite)
has been reported to enable facile sodium ion transfer in carbon [25]. Raman spectrum of the
carbon sheets (Figure 6-2 f) shows two characteristic peaks of carbon, D and G peaks at 1343 and
1585 cm-1, respectively. A common measurement of degree of graphitization in carbon samples is
expressed in the I(D)/I(G) ratio, which is defined as the peak height or peak area ratio between the
D and G peaks [26]. A high I(D)/I(G) ratio often indicates low degree of graphitization in the
sample. In this case, peak height ratio is used and the I(D)/I(G) ratio is found to be 1.04, suggesting
low degree of graphitization.
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Figure 6-3. XPS analysis of pristine carbon sheets. a) overall XPS spectrum; peak fitting results of
the b) Na 1s, c) C 1s, and d) O 1s peaks.
Moreover, the XPS study indicates that the carbon sheets contain 5.25 at% of O, 0.26% of
Na, and the balance C on its surface (Figure 6-3 & Table_D1). The presence of Na is likely
originated from the inherent Na content in the starch. Further deconvolution of the O 1s, Na 1s,
and C 1s peaks reveals the presence of sodium carbonate on the surface. Previously, surface
coating of Na2CO3 on graphite anode [27] in lithium-ion batteries and on P2-NaxMO2 [28] in
sodium-ion batteries have been shown to improve cell cycling by forming artificial SEI layer and
supplying additional Na source. On the other hand, the carbon surface is also rich in carbon-oxygen
functional groups (after excluding O in the carbonate), which has been reported to enhance cycling
capacities of biomass-derived carbon in sodium ion batteries via redox reaction with Na ion [22].
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Figure 6-4. Electrochemical behavior of carbon microsheets in sodium half-cell. a) Cyclic
voltammetry of pristine cell at scan rate of 0.2mVs-1 from 1mV to 3V; b) voltage profiles of a cell
cycled at various current densities; c) corresponding rate capability cycling result; d) calculated
polarization voltages and resistances at 50% SOC/SOD for different current densities.
The electrochemical performance of carbon sheets as anodes is evaluated in sodium halfcells using 1M NaClO4 in PC as the electrolyte, sodium foil as the counter electrode, and Whatman
GF as the separator. The cycling potential window for the half-cells is 1 mV to 3 V vs. Na+/Na.
Cyclic voltammetry (CV) of a pristine cell was collected at scan rate of 0.2mVs-1 for the first 5
cycles (Figure 6-4a). During the 1st cathodic scan, a large peak emerges at ~1 V and continues till
1mV; the intensity of this peak significantly reduces and stabilizes during the subsequent cathodic
scans. This finding is attributed to the initial formation of solid electrolyte interphase (SEI) layer
on the carbon sheets due to electrolyte decomposition [7]. Ideally, the chemical and structural
stability of this SEI layer should be adequate to significantly reduce or prevent further
decomposition of the electrolyte after the first few cycles [8]. Na2CO3 is commonly found on the
carbon anode surface as a decomposition product of organic carbonates used in SIB electrolyte
after initial cycling [29]. Consequently, the presence of native Na2CO3 on carbon sheets should
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reduce the amount of SEI formation. As evidenced by the overlapping CV curves after the first
scan, SEI formed in the 1st cycle is stable and prevents further reduction of electrolyte on
subsequent cycles. Figure 6-4b illustrates the voltage profiles of carbon sheets anode in half-cell
at various current densities (20, 50, 200, 500, and 1000 mA g-1). The discharge curves show one
continuous sloping region from 1.5 V to 1 mV without any obvious plateau. The sloping region is
typically assigned to sodium insertion into carbon layers containing turbostratic disorder producing
sites [8]. Another commonly observed region in discharge curves of hard carbon is the plateau
region at ~0.1V, which is associated with nanopore filling mechanism of sodium in mesoporous
carbon [10,13,17]. Given the low amount of mesoporosity (7.5%) presented in carbon sheets, the
lack of the 0.1V plateau in carbon-sheet anode is in good agreement with prior reports [17].
The rate capability study of the carbon sheet anode in half cell configuration is shown in
Figure 6-4c. The 1st cycle Coulombic efficiency is around 50% at 20mA g-1 and the 1st cycle
irreversible capacity is attributed to the initial SEI formation as evidenced in CV. The large surface
area of the carbon sheets may not be fully covered by the native Na2CO3 hence resulting in the low
CE. However, after a few cycles, the Coulombic efficiency quickly rises to >99% and remains
stable even during fast charging/discharging cycles at 1000 mA g-1. This again points to the
excellent stability of SEI layer formed on carbon sheets. A reversible capacity of 153 mAh g-1 at
50 mA g-1 and 55 mAh g-1 at 1000 mA g-1 is achieved, with a similar capacity (~143mAh g-1) at
50 mA g-1 recovered with minimal fading after the fast cycling. To understand qualitatively the
dominating interfacial phenomena taking place on carbon sheets, cell polarization voltage (defined
here as voltage difference between 50% state of charge and 50% state of discharge) and
corresponding resistance (defined as polarization voltage to current density ratio) are plotted
against current density (Figure 6-4d). A positive relationship between resistance and current
density would be expected for diffusional dominated effects (e.g., ion diffusion in SEI layer or
carbon) that usually happen in large time scale. However, it is observed that cell resistance
exponentially decreases as current density increases, hinting that Butler-Volmer kinetics is the
controlling interfacial phenomena [30,31].
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Figure 6-5. Long-term cycling of carbon sheet in half-cell configuration at 100 mA g-1. a) Capacity
vs. cycle number plot; b) dQ/dV plots for 10th and 100th cycles and corresponding voltage profiles
in the inset; c) equivalent circuit model used for EIS analysis; and d) impedance changes at various
discharge potentials over long term cycling at 100 mA g-1.
The long-term cycling performance of carbon sheet anode at constant current is evaluated
with the results shown in Figure 6-5. At 100 mA g-1, the initial stable reversible capacity of 120
mAh g-1 is recorded and remains at 110 mAh g-1 after 150 cycles. This is equivalent to a capacity
retention of 92%. A stable Coulombic efficiency of >99.7% is also observed after the initial
formation cycles. A comparison of dQ/dV plots for the 10th and 100th also reveals that the
sodiation and desodiation behaviors of the anode remain unchanged, confirming its stable
electrochemical behavior (Figure 6-5b). The stable cycling of carbon sheets can be attributed to
the presence of surface Na2CO3 and oxygen groups as revealed in the XPS study. To further probe
the sodiation behavior, electrochemical impedance spectroscopy (EIS) of a duplicate cell at
discharge potentials of 0.5V, 0.3V, 0.1V, and 0.001V were collected for the 51st and 102nd cycles
at 100 mA g-1,see supporting information for Nyquist plots (Figure D1). The equivalent circuit
model used for analyzing the EIS spectrums is shown in Fig_4c. Rsol, Rsei, and Rct represent the
resistance contribution from the electrolyte solution, the SEI film, and the charge transfer at the
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particle surface, respectively. The constant phase element (CPE) is utilized in place of doublelayer capacitor to account for surface nonideallity of the particles [32]; and the Warburg impedance
Zw describes the solid state diffusion of lithium ions into the carbon. Figure 6-5d summarizes the
changes in Rsol, Rsei, and Rct between 51st and 102nd cycles. The resistance in the electrolyte
solution Rsol remains small and constant (in the range of 4-4.6 ohms) between cycles and at various
potentials, suggesting the stability of electrolyte upon cycling. The resistance of the SEI film Rsei
shows slight increases after additional 51 cycles, suggesting slow SEI growth over cycles; the
sudden increase in Rsei at 0.001V is unexpected and may have its origin in the interaction between
sodium counter electrode and the electrolyte. A comparison between the values of the three
different resistance reveals that primary impedance contributor during sodiation of carbon sheet is
the charge transfer resistance Rct taking place at the carbon/electrolyte interphase. As expected,
the Rct values increase with cycling (roughly by 10%) likely as a result of reducing available
interphase area between carbon and electrolyte due to SEI growth. However, such SEI growth is
not deemed excessive to alter the sodiation behavior of carbon sheets as evidenced in the dQ/dV
plot.
Moreover, ex-situ SEM imaging of the pristine and cycled carbon sheet electrode was
conducted to examine the impact of cycling on particle morphology and SEI growth. As shown in
Figure 6-6, the sheet like morphology of the carbon anode is preserved after 102 cycles, confirming
robust nature of carbon sheets during sodiation and desodiation. More importantly, no excessive
SEI growth is observed in the cycled electrode (Figure 6-6d vs. 6b).
To evaluate the cycling performance of the carbon sheet anode in a sodium-limited scenario,
Na-ion pouch cells comprised of the sheet anode, a proprietary cathode NaaNi1-x-y-zMnxM1yM2zO2
(M1 and M2 are transition metals), developed by Faradion Limited[33,34], and 0.5M NaPF6 in
mixed carbonates were prepared and cycled by Faradion Limited. The voltage window is set from
1.0 V to 4.3 V. Figure 6-7a illustrates the representative voltage profile and corresponding dQ/dV
plot of the full pouch cell (Cell #1) at the 2nd cycle. The specific cathode capacity is 85.1 and 81.3
mAh g-1 for the 2nd charge and discharge, resulting in a Coulombic efficiency of 95.5%. The
equivalent anode capacities are 121.7 mAh g-1 for charge and 116.3 mAh g-1 for discharge.
During the charging period, two peaks at 3.08 V and 4.05 V are observed, while two additional
peaks at 3.7 V and 2.85 V are detected during discharge. The average discharge voltage for the
cell is 3.15 V. Figure 6-7b summarizes the long-term cycling result of two pouch cells at C/5 rate.
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The cells demonstrate exceptional stability under these experimental conditions – the stable
Coulombic efficiency is around 99.8% for both cells; and the average capacity retention (using 2nd
charge capacity as the basis) of the two cells are 95% at 100th cycle, 90% at 200th, and 84% at 300th
cycles. Encouragingly, this type of capacity fade behavior is similar to the performance of
commercial Li-ion cells.

Figure 6-6. Ex-situ SEM imaging of a&b) pristine electrode and c&d) cycled electrode after 102
cycles at 100 mA g-1.

Figure 6-7. Carbon sheet/Faradion cathode full-cell study. a) Voltage profile and corresponding
dQ/dV plot at the 2nd cycle with specific capacity based on cathode active mass; b) long termcycling of two cells at C/5

78
6.5

Conclusion

In this work, we have detailed the characterization and electrochemical performance of the carbon
sheets derived from starch packing peanuts as the sustainable precursor. The carbon sheets are
characterized to be hard carbon with primarily microporosity. Both sodium-ion half-cell and fullpouch cell studies of carbon sheet anodes reveal promising electrochemical performance.
Specifically, the anode exhibits good rate capabilities, delivering 153 mAh g-1 of reversible
capacity at 50 mA g-1 and 55 mAh g-1 at 1000 mA g-1. The material is found to exhibit excellent
cycling stability with 92% capacity retention after 150 cycles in half-cell and 84% retention after
300 cycles in full pouch-cell configuration. Such long-term cycling stability of sodium full cells
has rarely been documented in the literature. The cycling stability of carbon sheets is attributed to
its native surface Na2CO3 which acts as both artificial SEI layer and additional Na supplement
during cycling.
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7. SONOCHEMICAL SYNTHESIS OF SODIUM POWDER AS
ELECTRODE ADDITIVES TO IMPROVE COULOMBIC
EFFICIENCY, REVERSIBLE CAPACITY, AND ENERGY DENSITY
OF SODIUM-ION BATTERIES

7.1

Overview

Excessive solid electrolyte interphase (SEI) buildup in the formation cycles or later cycles
consumes electrolyte, depletes alkaline ion availability, and increases cell polarization; the
reduction in the amount of available alkaline ions upon cycling often causes low capacity and poor
capacity retention in full cells. To compensate the Na loss from SEI formation, we have developed
a sodium-powder based pre-sodiation technique that could potentially be applied to both anode
and cathode materials with minimal modification to conventional battery making process. The
synthesis of sodium powder is accomplished via ultrasonic dispersion of molten sodium metal in
mineral oil. When suspended in hexane, the sodium powder can be easily applied onto electrodes
as pre-sodiation additive. In the half cell study with glucose derived carbon (GC1100), presodiation decreases the initial open circuit cell potential (~1V drop) and reduces the first cycle
irreversible Coulombic efficiency (from 19.3% to 8%). In the full cell study with GC1100 and
NaCrO2, pre-sodiation leads to ~10% improvement in cycling capacity and ~5% increase in energy
density. Decreased cell polarization is also observed in pre-sodiated cells.

7.2

Introduction

Battery researchers around the world have been developing sodium-ion batteries (SIBs) as an
alternative technology to rechargeable lithium-ion batteries (LIBs). SIBs could potentially cost
less than LIBs and be produced in larger scale for grid energy storage, owing to the natural
abundance of sodium resources.[5], [138] The analogous electrochemistry of SIBs to LIBs also
enabled the rapid development of many Na-ion cathodes (e.g., Na-based layered metal oxides and
polyanionic compounds),[158] anodes (e.g., tin-based alloying materials and hard carbon),[143],
[159] and electrolyte systems (e.g., NaClO4 and NaPF6 salt in combination of linear and cyclic
carbonate solvent).[5], [138], [160]
Similar to LIBs, excessive and uncontrolled solid electrolyte interphase (SEI) growth on
the anode surface remains a major challenge to SIBs. SEI formation results from the unavoidable
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decomposition of electrolyte at lower potential during initial cycles (<1V).[161], [162] Excessive
SEI buildup throughout cycling consumes electrolyte, depletes available alkaline ions, and
increases cell polarization.[163] Non-SEI related capacity losses due to irreversible adsorption of
Na at graphene defect sites and irreversible intercalation between graphene layers also contributes
to low Coulombic efficiency in the first few cycles.[164] In our recent works exploring various
carbon anode materials for SIBs, the first cycle Coulombic inefficiencies are 50% for scalable
carbon sheets,[8] 25.1%-41.6% for carbon particles,[165] 60.3% for interconnected carbon
network comprising electronegative fluorine,[166] 32.7% for microporous carbon,[167] and 38.0%
for solid dense carbon spheres.[168] Moreover, many review articles have described high-capacity
anode and cathode materials that suffer from poor first cycle Coulombic efficiencies and
continuous capacity fade.[138], [160], [169]–[171] This indicates the genuine need for developing
anode pretreatment processes to enhance reversible capacities in SIBs for their large scale
adaptation.
These issues with SEI growth are exasperated in full cells where cathodes contain a limited
amount of alkaline ions that are available for reversible cycling. The reduction in the amount of
available alkaline ions upon cycling often results in low capacity and poor capacity retention in
full cells as compared to half-cell performance.[160] Aurbach et al. recently highlighted the
importance of anodic pretreatment (via electrochemical pre-sodiation/pre-lithiation to supply
additional alkaline ions) to enhance reversible capacities in SIB full cells (hard
carbon/NaNi0.5Mn0.5O2) and LIB full cells (hard carbon/LiNi0.5Mn0.5O2).[172]
In light of these issues associated with SEI growth, several non-electrochemical
pretreatment techniques of anodes have been developed. For LIBs, thermal alloying of Li with Si
nanoparticles,[173], [174] Li-metal free pre-lithiation of Si in an electrolytic cells,[175] and polymethyl-methacrylate (PMMA) protected lithium metal as pre-lithiation agent[176] have shown
promise in mitigating the loss of Li due to SEI buildup. More noticeably, stabilized lithium metal
powder (SLMP) developed by FMC Corporation has demonstrated feasibility as a commercial
solution to prelithiate the anodes or cathodes without significant modification of the current battery
manufacturing process.[177], [178] As for SIBs, Tarascon’s group recently reported a presodiation technique via direct ball milling of sodium metal with cathode/anode materials under
inert environment.[179]
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In this work, we report a new pre-sodiation technique using sodium powder that can be
applied to anode and potentially cathode materials in a facile method. The synthesis of sodium
powder is accomplished via pulsed ultrasonic dispersion of molten metallic sodium in mineral oil
in an inert atmosphere (Figure 7-1). When suspended in hexane, the sodium powder can be easily
applied onto carbon electrodes for pre-sodiation (Figure 7-2). Reduction in the first cycle loss and
enhancement in reversible capacity are observed with the application of sodium powder on carbon
anodes in this study.

Figure 7-1. Synthesis of sodium powder via pulsed ultrasonic melting and dispersion in mineral
oil, and actual photo of sodium powder stored in hexane after removal of mineral oil.

Figure 7-2. Application of sodium powder onto carbon electrode.
7.3

Experimental Sections
Sodium powder preparation

Sodium powder (denoted as “NaP” hereafter) were prepared via ultrasonic heating, melting, and
subsequent fragmentation of solid sodium chunks in an organic solvent. A similar technique was
utilized in previous studies involving Sn nanoparticles[180] and dispersed sodium.[181]
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Ultrasonication was generated from a Sonics VCX500 probe equipped with a stepped microtip. In
a typical synthesis, 15 mL of mineral oil was first degassed by ultrasonication for 15 mins inside
a 150 mL cone-shape sonochemical reactions vessel; then about 100 mg of fresh metallic sodium
chunks were added into the oil. A continuous argon flow was fed to the vessel to maintain an
air/moisture-free environment. The Na/oil mixture was then exposed to ultrasonic irradiation at
40% amplitude. Pulsed ultrasonic irradiation was applied in 4 cycles of 59s-sonication and 30srest intervals. The formation of sodium powder took place in two stages. At the first stage, solid
Na chunks were melted into liquid sodium when the mixture temperature rose above the melting
temperature of sodium (mp = 98⁰C). The temperature rise is a result of ultrasound induced heating
to the oil. At the second stage, the molten Na particles were dispersed into mineral oil by ultrasound
to form a homogenous mixture with purple coloration. Once cooled, the dispersion color changed
to grey. A simplified synthesis method is illustrated in Schematic 1. The mixture was then washed
with anhydrous hexane and centrifuged three times to obtain a dispersion of Na powder in clean
hexane. All washing procedure except the centrifugation were completed inside an Ar-filled
glovebox to minimize air exposure.
Preparation of carbon electrodes
Glucose (Sigma Aldrich) was pyrolyzed under continuous argon flow inside a tube furnace held at
1100⁰C for 6 hours to yield turbostratic carbon. The initial heating rate was 5⁰C/min. The glucose
derived carbon was then handmilled for 15 mins using mortar and pestle and identified as
“GC1100”. To prepare the anode laminate, 90 wt% of GC1100, 3wt% of Super P carbon black,
and 7% of sodium carboxymethyl cellulose (Na-CMC) were first homogenized in water and then
casted onto a copper foil using doctor blade processing technique. The laminate was dried at 100⁰C
overnight inside a vacuum oven, and then punched into 12mm disks for coin cell testing.
Preparation of NaCrO2 electrodes
Stoichiometric ratio of Na2CO3 and Cr2O3 was first ballmilled for 15 min and pelletized using a
KBr pellet press. The pellets were then heat treated at 900⁰C in argon for 5 hours to obtain the
NaCrO2 powder.[182], [183] The NaCrO2 laminate was prepared by mixing 80wt% of NaCrO2,
10% PVDF; and 10% Super P carbon black in appropriate amount of n-methyl-2-pyrrolidone
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(NMP) and then casting the slurry onto aluminum foil using doctor blade. Upon overnight vacuum
drying, the laminate was punched into 12mm electrodes.
Pre-sodiation of carbon anode
To prepare the sodium powder treated carbon electrodes inside the glovebox, sodium powder
dispersed in hexane were added onto the carbon electrodes dropwise until targeted amount of
sodium was deposited. The sodium coated electrodes were then vacuum dried inside the glovebox
antechamber for 10 mins to remove hexane. Once dried, a grey coating would appear on the surface
of the black electrodes. These electrodes would then be pressed to 1000 PSI to ensure good contact
between the sodium powder and the carbon. A simplified coating procedure is illustrated in
Schematic 2.
Material characterization
X-ray powder diffraction pattern of the prepared sodium powder and sodium foil were collected
from 3⁰ to 80⁰ at 1⁰/min scan rate using Rigaku Smartlab XRD with a Cu Kα radiation source. To
prevent sample degradation, Kapton tape was used to seal the sodium samples inside an Ar-filled
glovebox prior to transferring to the ambient environment for measurement. Scanning electron
microscopy (SEM) images and corresponding energy-dispersive x-ray (EDX) mapping of the Na
powder were taken using an FEI Nova 200 NanoLab Dualbeam TM-SEM/FIB. The powder was
pre-deposited onto a SEM stub with carbon tape inside the glovebox; the stub was then enclosed
in a glass vial filled with argon gas for transportation. The stub was briefly (~10s) exposed to air
during the SEM sample loading procedure. SEM images and corresponding EDX mapping of
GC1100 electrodes were taken using Joel Neoscope benchtop SEM. Differential scanning
calorimetry (DSC) measurements were carried out in TA DSC-Q20; the temperature range was
25-250⁰C at a scan rate is 5⁰C/min.
Electrochemical testing
For half-cell testing, CR2032 coin cells were constructed using the prepared GC1100 electrodes
(with and without sodium powder addition) or NaCrO2 electrodes as the working electrode, a Na
foil as the counter electrode, and a Whatman glassfiber as the separator. 1M of NaClO4 in
propylene carbonate (PC) was used as electrolyte for the half-cell study. The voltage window was
1mV to 2V for anode cycling and 2.5V to 3.6V for cathode study. For the full-cell study, NaCrO2
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and GC1100 electrodes were assembled together in the coin cells with the similar configuration.
The electrolyte used is 1M NaPF6 dissolved in PC with 3 vol% FEC. The cathode to anode capacity
ratio was maintained at about 1.0 for this study. All battery cycling was conducted using an Arbin
cycler.

7.4

Result and Discussion
Physical characterization

Figure 7-3 summarizes the physical characterizations of as-prepared sodium powder. Scanning
electron microscopy (SEM) images of sodium powder reveal a particle size range of 2-16 μm with
majority of the particles less than 10 μm in diameter. While the majority of the particles appear
spherical, some irregular sheet-like particles are observed that may have resulted from localized
rapid cooling (likely near the reactor wall) that preventing the molten sodium particles from
solidifying into preferred spherical shapes. Figure E1 shows the SEM images of another batch of
NaP prepared by rapidly cooling the sonication vessel during the last pulse sonication. These NaP
particles predominately exhibit shell- and sheet-like morphologies, supporting the claim of
cooling-induced morphological changes. Energy-dispersive X-ray (EDX) mapping of the
individual NaP particle indicates the presence of sodium. Carbon is also detected on NaP and could
have its origin in air exposure of the NaP (forming Na2CO3) during sample loading. The fabrication
of smaller particles is likely possible by reducing the ratio of sodium to mineral oil in the reaction
vessel and may be more desirable to provide better penetration into the porous electrodes, to
improve uniformity of electrode pre-sodiation.
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Figure 7-3. Characterization of sodium powder. a&b) SEM images of sodium powder at different
scales; c) EDX mapping of a single sodium powder; d) corresponding particle size distribution of
NaP; e) XRD patterns of Kapton tape, Na foil, and NaP; f) DSC analysis of NaP and Na reference.

X-ray powder diffraction patterns of the sodium powder (NaP) and sodium foil are shown
in Figure 3e. The broad peaks below 27⁰ can be attributed to the Kapton insulating tape and the
glass slide used to seal the samples. Both sodium powder and sodium foil exhibit characteristic
sodium peaks of (110), (200), (211), (310), and (222), and are in agreement with reference XRD
pattern of metallic sodium (PDF#22-0948). Moreover, the XRD pattern of sodium powder displays
an additional peak at 38.2⁰ that is correlated with the (111) peak of sodium hydroxide (PDF#351009). The presence of NaOH may originate from the reaction between metallic sodium and trace
water presented in hexane or potential air penetration into the sample holder during XRD analysis.
Moreover, differential scanning calorimetry (DSC) analysis of the sodium powder and sodium
metal reference was conducted from 40⁰C to 250⁰C to further examine their physical properties.
All samples were first loaded into hermetically sealed aluminum DSC crucibles inside a glovebox
before transferring to the DSC analyzer. As shown in Figure 7-3f, both sodium powder and sodium
reference exhibit one endothermic peak with matching onset and maximum temperatures,
indicating the presence of metallic sodium within the sodium powder. However, the heat of fusion
(melting) for sodium powder is about 20% lower than sodium reference, suggesting the presence
of fine sodium particles or possible low-level NaOH impurities.
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Sodium Powder as Electrode Additives
7.4.2.1 Evaluation of sodium powder in half cells
Electrochemical reactivity of sodium powder was first verified by cycling GC1100 electrodes
against various sodium counter electrodes made of unpressed NaP, pressed NaP, and Na metal foil
(Figure E2). The cycling results indicate that NaP is electrochemically active and able to sodiate
the GC1100 carbon. Additionally, the pressing procedure improves the cycling capacity of NaP
by enhancing electrical contact between NaP particles, while preventing NaP particles from
dispersing in the electrolyte solution.

Figure 7-4. Characterization of GC1100 electrodes with and without NaP coating. SEM images of
a) pristine GC1100 electrode and b) NaP-coated GC1100 electrode showing the deposition of NaP
particles (red circles) on electrode. c-d) SEM and corresponding EDX mapping of NaP-coated
GC1100 electrode.
To evaluate the effectiveness of prepared sodium powder as electrode additives, CR2032
coin cells comprised of sodium powder coated carbon electrodes and sodium foil counter
electrodes were cycled and compared with uncoated carbon electrodes. The electrolyte used was
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1M NaClO4 dissolved in propylene carbonate (PC) and Whatman glassfiber was used as the
separator. Figure 7-4 illustrates the material changes on GC1100 electrodes before and after
sodium powder coating process. The presence of NaP could be easily observed on the surface of
the coated electrode (Figure E3 shows optical microscope images). NaP particles that are
sufficiently smaller than the electrode pore become embedded in the electrode matrix beneath the
surface (Figure 7-4c-d).
The galvanostatic cycling results are summarized in Figure 7-5. It can be seen that both
coated and uncoated GC1100 half cells deliver comparable specific capacities (e.g. 205 mAh g-1
at 25 mA g-1, and 30 mAh g-1 at 1000 mA g-1) during the rate study. The key differences lay in the
first discharge. Before discharging, both cells were aged for 10 hours so that a stable open circuit
voltage (OCV) was reached. As illustrated in Figure 5b, the OCV of the NaP-coated cell is about
1V lower than that of the uncoated cell, suggesting that partial sodiation of the active material
occurs during the aging process, as sodiated carbon exhibits lower potentials. Moreover, the first
cycle irreversible capacity loss is significantly improved from 19.3% (uncoated) to 8% (coated).
In full-cell configurations, such improvement in the first cycle loss would translate to a reduction
of “sacrificial” cathode active materials for increased specific cell capacity. During the second
cycle, the voltage profiles of both systems overlap, indicating no further changes in the
sodiation/desodiation mechanism of the carbon after the first cycle.

Figure 7-5. Electrochemical evaluation of sodium powder as electrode additives in SIB half cells
in the voltage window of 1mV to 2V. a) Rate studies and b) corresponding 1st and c) 2nd cycle
voltage profiles of GC1100 electrodes with and without sodium powder coating.
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7.4.2.2 Evaluation of sodium powder in full cells
To evaluate the impact of sodium powder on full cell performance, GC1100 anodes and NaCrO2
cathodes (Figure E4 shows XRD characterization of GC1100 and NaCrO2 powders, and Figure
E5 shows NaCrO2 half-cell cycling results) were paired with cathode to anode capacity ratio of
approximately one. The cycling voltage window is limited from 1.8V to 3.4V. The electrolyte used
was 1M NaPF6 dissolved in PC with 3 vol% FEC additive. Differential capacity voltage profile of
the first two cycles for GC1100//Na, NaCrO2//Na, and GC1100//NaCrO2 full cells with and
without NaP are shown in Figure 7-6. Both GC1100 and NaCrO2 exhibit nearly symmetrical
dQ/dV profiles (Figure 7-6a-b), which is reflected in the symmetrical dQ/dV plots for the full cells
(Figure 7-6c-d). The major charge and discharge peaks at 3.24 V and 3.20V, respectively, are
identical for both cells, despite the addition of 0.4mg NaP in the cell. The similar profiles suggests
that there are no adverse effects from NaP addition on the cycling behavior in full cells.

Figure 7-6. First two cycles of differential capacity voltage profile (dQ/dV) plots of a) GC1100//Na,
b) NaCrO2//Na, and c&d) GC1100//NaCrO2 full cells with and without NaP addition.
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Figure 7-7 summarizes the rate capability study of the full cells. The low first cycle
Coulombic efficiency of the full cells can be attributed to the low first cycle efficiency (~55%) of
the NaCrO2 cathode (see Figure E5). Further optimization effort could improve the Coulombic
efficiencies of the NaCrO2 cathode and the full cells. Regardless, it is clear that the first cycle
Coulombic efficiency is higher in the pre-sodiated cell than the reference cell (60% vs. 56%) as
shown in Figure 7-7a. The overall cell capacity exhibits about a 10% increase at all cycling rates
(10, 20, 50, 100, 200, 500, and 10 mA gc-1) after NaP addition (corresponding voltage plots are
shown in Figure E6). Improvements in both the first cycle Coulombic efficiency and capacity can
be ascribed to the addition of NaP, which partially pre-sodiates the GC1100 anode and provides
an additional sodium source during continuous cycling. Another key benefit of NaP addition is
the improvement of discharge energy density and energy efficiency (the ratio of discharge energy
over charge energy). As shown in Figure 7-7b, the cell with NaP addition exhibits a 15Wh/kga+c
increase in energy density and 5% higher energy efficiency as compared to the control cell. The
improvement in these parameters can be attributed to the reduction in cell polarization, arising
from the charge and discharge voltage hysteresis, in the pre-sodiated cell as shown in Figure 7-7c.
The polarization likely originates from the shift of potential windows (for both cathode and anode)
in the full cell due to unfavorable electrochemical side reactions that consume available alkaline
ions.[184] With the addition of NaP, the cell polarization is mitigated resulting in enhanced cycling
performance. Differential capacity voltage plots of both cells at 50 mA gc-1 for cycles #30 and #70
are shown in Figure 7-7d. In comparison to the NaP coated cell, the broader charge and discharge
peaks and the larger reduction in peak intensity from cycle 30 to 70 in the uncoated cell provide
further evidence of electrode degradation arising from the depletion of available sodium.
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Figure 7-7. Positive impact of NaP addition in GC1100//NaCrO2 full cells cycled between 1.8V
and 3.4V. a) Rate capability study of full cells; b) average discharge energy density and energy
efficiency, and c) average cell potentials as a function of current density. d) Differential capacity
voltage plots of the 30th and 70th cycles at 50mA*gc-1.
7.5

Conclusion

Fine sodium powder with a particle size range of 2-16 μm has been successfully synthesized via
pulsed ultrasonic dispersion of molten sodium in mineral oil. X-ray powder diffraction reveals a
sodium powder product with minor sodium hydroxide impurity originating from trace moisture
contained in hexane. When dispersed in hexane or other volatile organic mediums, the fine sodium
powder can be easily applied onto carbon electrodes by simple drop-casting technique. Mechanical
compression of the NaP-coated electrodes is found to be beneficial to activate the sodium powder.
With the addition of sodium powder, GC1100 electrodes show reduction in first cycle capacity
loss. In GC1100//NaCrO2 full cells, the addition of NaP on anode improves the 1st cycle Coulombic
efficiency, overall reversible capacity, cell energy density, and energy efficiency. The
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improvement in CE and capacity is attributed to the presence of the additional Na source, while
the improvement in energy density and efficiency can be attributed to the reduction in cell
polarization and the mitigation of electrode degradation. Overall, the use of sodium powder as
electrode additives has shown promising enhancement of cycling performance. Future work on
reducing impurity contents in sodium powder and stabilizing sodium powder in air should yield
further improvement in cell performance.
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8. CONCLUSIONS AND FUTURE WORK

8.1

Conclusion of Thesis Work

The thesis focuses on solving challenges faced in the material design of new anode materials for
lithium and sodium ion batteries. While numerous strategies have been reported in literature to
solve issues associated with new materials (i.e., stabilization of silicon anodes), they are often
difficult to implement in large scales; and sometimes studies of similar materials could provide
contradicting insights into the relationship between material design and electrochemical
performance. With this in mind, I have studied various LIB and SIB anodes that could be
implemented in large scales; and rational designs are followed.
For lithium ion batteries, I have primarily studied silicon nanoparticles based composite
systems and the latest effects were focused on rational design of conversion-alloying materials
(Chapter 5). Based on my study, I have outlined some guidelines for designing conversion-alloying
materials (CAMs).
1) To evaluate CAMs effectively, cycling voltage window should be limited to the practical
range (<1.5V for most alloying materials). At this widow, most conversion materials with
become inactive after the initial lithiation.
2) Consequently, low loading of conversion materials should be used to minimize capacity
loss from the initial reduction reaction. At low loadings, however, conversion material will
not provide appreciable buffering to mitigate alloying volume expansion.
3) Even with low loading of conversion material, CAMs could deliver higher capacities than
alloying-only anodes. There exists an optimal loading mass that would permit maximum
capacity gains.
4) Conversion material should be deposited onto alloying materials to show potential
synergetic interactions. When the two materials are not bind to each other (as in the case
of physically mixing both materials during slurry preparation), no interaction is expected
and each material will exhibit independent cycling behaviors.

For sodium ion batteries, I have primarily studied hard carbon based anodes materials. An
engineering approach was taken to combat the common issue associated with large 1st cycle
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Coulombic efficiency loss of these materials (Chapter 7). I synthesized sodium metal nanoparticles
to use as additional sodium reservoir in the battery. When applied onto carbon anodes,
improvements in Coulombic efficiency, reversible capacity, and energy density are evident in the
full cells. This approach has not been reported previously. Future improvement in air stabilization
of the sodium powders by the ViPER group or others could lead to a viable solution to the
significant Na loss issue; thus enabling the commercialization of SIBs.

8.2

Outlook of Future Work

To electrify our transportation and grid systems and to establish sustainable energy generation, we
need to develop advanced Li and Na ion batteries with higher energy density or utilizing cheaper
and more abundant raw materials. The research in battery materials development is inherently
interdisciplinary; diverse expertise in material synthesis, physical & chemical characterizations,
electrochemistry, and modeling are required to fully understand the materials. This is particularly
true with new anodes materials that possess far greater challenges than the conventional graphite.
Beyond the work in this thesis, the following questions remain interesting to explore in
future work.
1) The previously studied Fe3O4-Si CAMs are responsive to external magnetic fields. This
could introduce a new control parameter during electrode manufacturing by exposing
the drying electrodes to a controlled magnetic field in order to align active materials.
Previous study on magnetically align graphite electrodes shows reduction in electrode
tortuosity and significant improvement in high-rate cycling performance[185]. For the
CAM electrodes, the negative volume expansion issue may be mitigated using
magnetic alignment to control electrode porosity and spatial distribution of active
materials.
2) Alloying materials are also used as SIB anodes and similar issues of volume expansion
and cycling instability are observed [138], [159]. The development of CAM based SIB
anodes could provide a solution to these issues.
3) While sodium powder has shown promising result in the previous study, the extreme
air sensitivity of sodium powder needs to be solved for safe handling and large scale
implementation. To this end, organofluorine compounds could be introduced to react
with surface sodium on the powder, thus forming an air-stable material[174].
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APPENDIX A CHAPTER 3 SUPPLEMENTAL INFORMATION

Figure A-1. SEM images of Si-C sample prepared by directly ballmilling Si-NPs with carbon
derived from wheat flour. Significant amount of loose Si-NPs can be observed in the sample.

Figure A-2. a) Nitrogen sorption isotherms of Si-DC sample and Si nanopowder; b) DFT pore size
distribution analysis of Si-DC.
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Figure A-3. a) Rate capability study of flour-derived carbon anode within the voltage window of
10mV to 2V. b) Charge capacity as a function of charge time and corresponding curve fitting result.

Figure A-4. Differential voltage plot (dQ/dv) of flour-derived carbon anode.
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Table A-1. Comparison between Si-Carbon composite based LIBs utilizing

potentially green synthesis routes.

Note:
“[ ]” represents the Si loading of the correponding materials with their cycle performance listed
here.
“( )” indicates the method used to determine Si loading; if not listed, thermal gravametric analysis
(TGA) is used.

Due to the significant differences in electrochemical cell construction, cycling protocols, and the
basis used for reporting capacity/current density (per gram of silicon or composite, often not
clarified in literature), a direct comparison of reverisble capacities between reported mateirals are
difficult.
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APPENDIX B CHAPTER 4 SUPPLEMENTAL INFORMATION

Iron K edge X-ray absorption spectra were recorded at the wiggler beam line I811, MAX IV
Laboratory, Lund, Sweden. The station was equipped with a Si (111) double crystal
monochromator. XANES data collection was performed in fluorescence mode using a Stern–
Heald–Lytle type detector equipped with a Canberra Industries Inc. PIPS photo diode. The primary
beam flux, in a beam-spot size of 1 - 2 mm2, was approximately 1011 photons per seconds. Higherorder harmonics were reduced by detuning the second monochromator crystal to 30% of maximum
intensity. The energy scale of the X-ray absorption spectra were calibrated by assigning the first
inflection point of the K edge of an iron foil to 7712 eV. The IFEFFIT program package (The
IFEFFIT Reference Guide, Version 1.2) was used for the data treatment.

Figure B-1. XANES result of iron oxide nanoparticles before 3hr oxidation at 150°C.
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Rate study of pure Super P carbon black electrode (80% Super P, 15% CMC, and 5% SBR) using
1M LiPF6 with 3% FEC is summarized in Figure_S2. As shown below, Super P carbon yields high
capacity of ~250 mAh g-1 at 100 mA g-1 of Super P carbon and ~170 mAh g-1 at 1000 mA g-1 of
Super P carbon; overall, the cell exhibits excellent rate capabilities. Therefore, it is important to
account for the capacity contribution from Super P carbon in order to uncover the true
electrochemical performance of synthesized iron oxide nanoparticles. Using the results from the
rate study, specific capacity of Super P is plotted as a function of real run time (either the charge
or discharge time of each cycle). A fitted line is also obtained to accurately estimate specific
capacity of Super P carbon (QSupP = Qfit) at any given run time (with goodness of fit R2 = 0.9519).

Figure B-2. Electrochemistry study of pure Super P carbon black electrode from 1 mV to 3V. a)
Rate study, and b) specific capacity of Super P as a function of real run time.
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To explore the origin of the peak development at discharge voltage of ~0.1V, pure Super P carbon
electrodes were cycled in half cell configuration with and without 3% FEC additive in the
electrolyte. Their dQ/dv plots are shown in the graph below. It can be seen that while these two
cells exhibit resembling dQ/dV features as expected, the development of 0.1V peaks is only
observable when 3% FEC is utilized.

Figure B-3. Effect of FEC additive on cycling behaviors of Super P carbon black electrodes. dQ/dV
plots of pure Super P half cells with a&b) 3% FEC, and c&d) no FEC additive.

117

Figure B-4. dQ/dv plots of selected cycles at 500mA g-1 rates. Colored areas represent the
capacity differences between pre- and post-activation discharge curves.

Figure B-5. Additional cycling data of γ-Fe2O3 NPs at 100mA g-1.
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APPENDIX C CHAPTER 5 SUPPLEMENTAL INFORMATION

Figure C-1. a) TEM image of pristine silicon nanoparticles (SiNPs) and b) corresponding EDX
mapping indicating the presence of native oxide layer on silicon surface.

Figure C-2. Left) Different grafting modes for MPTMS on the nanosilica surface[136]. Right)
Schematic diagram of the structure and morphology of MPTMS layers formed on SiO2.[186]
Reprinted with permission from the publishers.
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Figure C-3. a) Synchrotron XRD spectrum of SiNPs and SiMPFe4H, b) iron oxide peaks in
SiMPFe4H after subtracting background and Si XRD signals, c-d) XRD peaks for potential iron
products in SiMPFe4H with Fe3O4 showing best match to the SiMPFe4H XRD.
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Figure C-4. TEM and EDX mapping images of a-b) SiMPFe3H and c-d) SiMPFe5H

Figure C-5. Loose iron oxide nanoparticles on silicon nanoparticles prepared without using
MPTMS binder.
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Figure C-7. Cyclic voltammetry curves collected at various scan rate for each CAM samples.
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Figure C-8. SiMPFe5H particles after long cycling. The cell was charged to 1.5V prior to opening
and TEM sample preparation.
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Table D- 1. Atomic concentration of surface elements measured by XPS.
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Figure D- 1. Nyquist plots and fitting results of EIS spectrum collected at discharge potentials of
0.5V, 0.3V, 0.1V, and 1 mV.

124

APPENDIX E CHAPTER 7 SUPPLEMENTAL INFORMATION

Figure E-1. SEM images of another batch of NaP prepared with modified synthesis procedure at
which the sonication reactor was submerged into ice water bath during the last pulse sonication.

Figure E-2. Voltage profile of GC1100 electrodes cycling against three different sodium counter
electrodes. a) 1st and b) 2nd cycle results indicate that NaP is able to provide sodium to sodiate the
GC1100 carbon and the pressing procedure is important to improve cycling capacity of NaP.
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Figure E-3. Optical microscopy images of a) as-prepared NaP, b&c) NaP coated GC1100 with and
without pressing procedure. Scale bar represents 100 µm in length. Samples were kept inside an
argon-filled inert cell with a quartz window and images were obtained using Thermo Fisher
Scientific DXR Raman.

Figure E-4. X-ray powder diffraction of pristine GC1100 and NaCrO2 powder.
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As shown in Figure E-5 below, the NaCrO2 electrode exhibits reversible capacities of ~100 mAh
g-1 at low current densities with minimal fading and ~80 mAh g-1 at high current density of 500
mA g-1. It can be seen that the Coulombic efficiency of NaCrO2 gradually improves to ~99% over
cycling. The initial low CE of NaCrO2 is problematic in full cells due to large loss of available Na.

Figure E-5. Cycling performance of NaCrO2 electrode against Na reference electrode in voltage
range of 2.5V to 3.6V and corresponding voltage plots.

Figure E-6. Voltage profiles of GC1100//NaCrO2 full cells with and without NaP at current density
of 10, 20, 50, 100, 200, 500 mA*g-1.
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